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CONFERENCE REPORT 


CRYSTALLOGRAPHIC COMPUTING FOR LARGE 
MOLECULES 


yr. D. W. J. CRUICKSHANK (University of Leeds) gave the 
tst paper, entitled “Large scale crystallographic computing.” 
Ie and his associates‘) had, in the past four-and-a-half 
ears, worked on thirty-six crystal structures, using a total of 
500 h computing time on the Manchester University Com- 
uter. Most of the work had been the detailed refinement of 
mall structures by means of programmes which calculate 
iree-dimensional differential syntheses, and three-dimen- 
ional structure factors, including anisotropic temperature 


_ The facilities of the present Manchester machine (shortly 
. be replaced by a faster and more reliable one) were briefly 
escribed. The store is in two parts: a fast-access electro- 
tatic store of eight “pages” each of thirty-two ‘‘words,”’ 
nd a magnetic drum with 512 tracks accommodating 16384 
vords, i.e. 655360 binary digits. Words on the magnetic 
rum have to be transferred to the rapid-access store before 
perations can be performed on them. This transfer is a 
low process, taking about 50 ms for one track of. thirty-two 
vords. Addition and subtraction take 1-2 ms per operation, 
qultiplication takes 2-2 ms. 
_ For work on wet vitamin B,, to be practicable with this 
2latively slow computer it was essential to use very efficient 
rogrammes. The rate determining operation in structure 
actor calculations was the computation of the trigonometric 
contributions. In space group P2,2,2, formulae of the type 
i, (cos hx, cos ky, cos 1z,) were at least 7 times faster than 
1, cos (hx, + ky, + 1z,).. Including checking by repetition 
f each stage, the complete time for the calculation of 2600 A’s 
nd B’s for 105 atoms in wet B;, was about 17h. The corre- 
ponding Fourier map, calculated in fifteen sections each 
ith 60 x 60 points, took about the same time. The large 
apacity of the drum store enabled each Fourier section to 
i computed in an efficient manner without any output of 
itermediate totals. 
‘Referring to the new computers which would be available 
nortly, Dr. Cruickshank said that the main lesson which 
ad been learnt was that programmes must be designed from 
ye start to deal with every conceivable parameter in very 
urge structures in general space groups. 
The second paper “Crystallographic calculations for large 
yolecules” was given by Prof. K. N. TRUEBLOoD (University 
f£ California at Los Angeles) to whom the Chairman, Prof. 
.G. Cox (University of Leeds) extended a special welcome 
s a representative of the foreign visitors to the Conference. 
'rofessor Trueblood described the computer SWAC, operated 
dintly by the University of California and the United States 
Yffice of Naval Research: it is a parallel-mode machine with 
modified four-address command system. A_ high-speed 
tore accommodates 256 words of thirty-six binary digits and 
ign, and is supplemented by a magnetic drum for 8192 
milar words. Addition time is 64 xs; multiplication and 
ivision are somewhat slower. Drum transfers and input- 
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held in London on 16 and 17 November, 1956. The three sessions dealt with crystallographic 
computing for large molecules; globular and fibrous proteins; and viruses and nucleic acids. 


output are appreciably less efficient operations and must 
therefore be minimized in programming for the machine. 

General programmes suitable for all space groups are 
usually used now, but the calculations for the hexa-carboxylic 
acid fragment of vitamin B,, were done with programmes 
modified somewhat to decrease the machine time: required. 
For structures with about 100 or more atoms in the asym- 
metric unit the time factor becomes dominant in coding con- 
siderations, increasing, at least for structure factor calcula- 
tions, roughly with the square of the number.of atoms. Thus 
for such structures it is worth while to sacrifice the flexibility 
of general programmes for the efficiency of those written 
specially for the problem in hand. Professor Trueblood 
stressed the importance of programmes being written by 
crystallographers so that their form could be made sufficiently 
flexible to accommodate the unforeseen modifications almost 
invariably needed later on, and so that those actually using 
the programmes would completely understand them. 

For the hexa-carboxylic acid derived from vitamin B,>, 
with seventy-three atoms and 3351 planes, structure factor 
calculations took about 7h, an electron density map about 
54h, and a cycle of least squares refinement about 24h. 
With more specific programming these times could have been 
reduced by 30-50°%. Ten cycles of structure factor-Fourier 
synthesis calculations were done in establishing the structure, 
and refinement by least squares is now under way. Con- 
siderable care was needed in selecting new atomic positions 
at each stage of the determination; but it was encouraging 
to find that, among the Fourier peaks not representing atoms 
used in the phasing, those representing true atomic positions 
appeared persistently, even when spurious atoms were 
inserted by mistake. False detail disappeared almost com+ 
pletely in the later stages, even before refinement. It was 
usually possible to distinguish carbon, nitrogen and oxygen 
atoms purely by their peak heights if comparisons were made 
in regions of the molecule of comparable rigidity; because 
of large thermal vibrations, atoms in the side chains appeared 
with reduced height, the effect being more pronounced the 
longer the chain. The experience gained with 100-atom 
structures, together with foreseeable improvements in com- 
puters, indicated that the computing problem would present 
no serious difficulties for asymmetric units of as many as 
1000 atoms. 

The next speaker, Dr. A. S. DouGLas (University of 
Cambridge), discussed “‘The mechanical presentation of the 
results of Fourier series summation.’ He pointed out that 
machines now being designed would be of the order of 1000 
times faster than the Manchester computer, and the output 
of results, their printing and plotting as contour maps, 
would then occupy much the largest proportion of the time 
required for a Fourier summation. A more direct form of 
output could be achieved by storing the table of results in 
the machine, and then using a programme to plot contours 
from this, either on a cathode-ray tube or with a pen-and- 
paper recorder of the type used in drawing weather maps 
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from signals received over a telephone line. Even with a 
grid of 1024 x 1024 points on a large cathode-ray tube one 
could not represent lines at small angles to the grid axes very 
satisfactorily. 

The manner of presenting the results could have an im- 
portant effect on the methods used in carrying out the Fourier 
summations. For example, if one could examine the effect 
of sign changes among a few Fourier terms on a directly 
presented electron density map, the initial summation of a 


Space Number of 

group terms 
Vitamin B,> P242,24 2500 
Cocarboxylase PI 2000 
Cystine P62 1500 


large number of terms would, no doubt, be done by the usual 
Beevers—Lipson technique, but the effect of a sign change 
need not involve only a single-term Fourier calculation, 
which was more quickly done by a direct method. A point 
worth noting with the present machines was that reading 
from a punched tape or cards was always faster than output 
in this form, so it was better to split large calculations into 
small parts each of which could be completed within the 
capacity of the high-speed store, than to print out inter- 
mediate results which had later to be fed back into the machine, 
even though the initial table of F’s might have to be re-read 
at the beginning of each part. 

Dr. J. S. Rotvetr (University of Oxford) spoke on 
“Crystallographic calculations on Deuce.” He had written 
programmes for three-dimensional electron density maps and 
structure factors in all space groups for the machine at the 
National Physical Laboratory, but there were several other 
Deuce machines in this country and overseas, and the pro- 
grammes he had written would be available for use with them. 

The structure factor programme worked directly from the 
general expression F = XfT cos (hx + ky + Iz), which was 
slower than using the trigonometrical product formulae. 
However, this programme was still faster for most structures 
than that for the calculation of Fourier maps, and the use 
of the general expression made it easier to incorporate 
anisotropic temperature factors. The labour of inserting 
co-ordinates for all the equivalent points in the unit cell 
(X, Y, Z) was saved by generating them from the co-ordinates 
of one particular point (x, y, z) as follows: in all cases X = 
C + V where C is one of the fractions 0, 4, 4, 3, 4, 4, 4, 2; 
and V is one of + (x, y, z, y—x), the selection depending on 
the space group. Overall computing times for three sets of 
structure factors were given in the following table: 


Number of 
independent | Number of 
Space group atoms reflexions Time 
Vitamin Bip = P2422, 99 2500 11h Omin 
Biotin P22: 16 1200 1h 15min 
Cystine P6,2 7 700 55 min 


For the calculation of electron density maps each Fourier 
term was converted to binary in the form A, B, /, trig, in 
which trig was a symbol selecting the trigonometrical products 
appropriate to that term from the eight possibilities 

+A cos hx cos ky cos /z, 

—A cos hx sin ky sin Iz, and its cyclic permutations, 

—Bsin hx sin ky sin Iz, 

+B sin hx cos ky cos Iz, and its cyclic permutations. 


The summation was carried out in sections by the Beevers— 
Lipson method, with the first summation performed as the 
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data cards were read into the machine, a second summation 
for each change of k, and the third summation for each 
change of h. Computing times could be reduced by choosing 
h-indices to have the smallest range, and the number of 
plotting points along z to be as few as possible. The smailest 
interval at which the Fourier could be computed was 1/240th 
of the cell side, but any multiple of this could be chosen, 
Computing times for three Fourier series were given by the 
table: 


Number of ~ Total Punching 
points time time 
60 x 60 x 15 8h 30 min 2h O min 
30° 309415 3h 20 min 20 min 
20 Xe20 2 1h 10 min t 6 min 


The programmes for Deuce were carefully written so that 
sequences of orders were in the most accessible positions at 
each stage, and the facilities of the machine were fully used 
all the time. This optimum programming led to great 
savings in computing time. 

In speaking on ‘“‘Calculations of theoretical electron dicume 
butions in molecules” Dr. W. CocHRAN (University of Cam- 
bridge) said that crystallographers had, in general, been 
interested only in the positions of the nuclei of atoms, though 
the scattering of X-rays was a function of the electrons. The 
calculation of electronic distributions in molecules, and 
comparison of the results with experimental measurements, 
was a neglected subject. In fact the approximation of a 
molecule by non-bonded atoms at the correct positions, and 
with some allowance made for thermal vibration, was very 
close to the truth, and there was little point in comparing 
the complete electron distributions in the observed and 
artificially constructed molecules pj’ and p2'; differences 
would be more sharply revealed in comparing two difference 
density maps: the first representing the experimentally 
observed electron distribution in the molecule minus. the 
densities from the appropriate non-bonded atoms pj'—pé; 
the second the molecular density distribution calculated from 
a molecular orbital type approximation to the wave function 
minus the densities of the non-bonded atoms p?’ — pé = D. 
This paper was concerned with the calculation of D toa 
reasonable degree of approximation. Calculations of this 
type had been made before by March, but could now be 
improved and extended with the use of electronic computers 
such as the EDSAC.© 

For benzene, where experimental data were available from 
the accurate structure determination of salicylic acid, the 
electrons could be assigned to three groups: 


(i) 12 (1s) electrons appearing unchanged in the molecular 
and atomic distributions, which could be left out of 
the calculations, 

(ii) 24 o-electrons in C-H and C-C bonds, 

(iii) 6 z-electrons in C—C bonds. 


In a section through the plane of the benzene ring the 7- 
electrons did not appear, so one had 


6 
iBye == 2% [DG 
pe 
Each of D, (C-H) and D, (C-C) was taken to have cylindrical 
symmetry about the bond. No allowance had been made at 
this stage for the effects of thermal vibration and zero-point 
energy of the molecule. The map of D, (Fig. 1) showed a 
peak on the C-H bond which did something to account for 
the shortening of the bond observed by experiment, but its 
size was not sufficient to account for the effect completely. — 
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Calculation of a projection of the complete difference 
-ensity on to the plane of the benzene ring had to include the 
-electrons, but the work could be simplified by applying 


Lea 


[Reproduced from Acta Crystallographica] 
Calculated difference density in the plane of 
the benzene ring. Contours every 0:1e.A~3 from 
—0:1 to +0-5e.A73 


Fic. 1. 
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Sourier transform methods. The calculation was split into 
several parts each occupying a reasonably short time on the 
somputer, and containing its own internal checks. First 
D (C-C) and D, (C-H) and their Fourier—Bessel transforms 
vere worked out, then { D,. (C-C) dz and its transform. Then 
‘he transforms were multiplied by a temperature factor, and 
‘he appropriate sections put through a Fourier inversion to 
zive the projected densities d, (C-H), d, (C-C), and d, (C-C). 
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The result was compared with the observed distribution 
(Fig. 2). Agreement or disagreement in detail was not 
significant because the method of calculation was compara- 
tively crude, but the maps showed that the formation of co- 
valent bonds between atoms led to very little distortion of their 
“unbonded”’ electron distributions; a rather surprising result. 

In the discussion on Dr. Cochran’s paper Dr. R. MASON 
(University College, London) said that with several structures 
containing benzene rings the experimental difference syntheses 
showed holes about 0:3 e/A? deep at the centre of the ring. 
He thought this might be an artefact which could be corrected 
by adjusting the screening constants used in calculating the 
wave functions and scattering factor curves of the non-bonded 
atoms. 

Dr. Cochran agreed that adjustment of the screening 
constants might have a beneficial effect, but Dr. Cruickshank, 
who said that similar holes were found in the three-dimensional 
difference syntheses,“ thought it unlikely that this would 
account for the phenomenon completely. 

The last paper of the session, “‘Aspects or implications of 
high-speed automatic computing in the field of large-molecule 
X-ray crystallography,” by Dr. A. D. BootH (Birkbeck 
College, London) was a survey of the rapid developments 
taking place at the present time, and an attempt to assess 
whether the facilities to be made available in the next year or 
two would be sufficient to meet the needs of crystallographers. 

His estimates of computing times were based on operating 
times similar to those of the Deuce machines, which were 
unlikely to be bettered by commercially available machines 
within the next two years. Allowing | ms for multiplication, 
and compatible times for other operations, calculation of 
structure factors for a 100-atom structure with 1000 X-ray 
reflexions would take about 20min, and a similar time 
would be required for a difference synthesis. A survey of 
the published work showed that something of the order of 
100 structures might be solved each year, and the associated 
computing would apparently only occupy 100 days of machine 


(5) 
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Fig. 2. (a) Calculated difference density in projection on the molecular plane, with allowance 


for temperature factor. 
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(b) Measured density, for comparison with (a) 
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time. Analysis of protein structures with 1000 atoms and 
10000 planes was a task of much greater magnitude: a year’s 
machine time would be needed for ten three-dimensional 
Fouriers and the same number of stages of refinement by 
difference synthesis on two or three molecules. However, 
with several machines becoming available in university 
laboratories in a year or so, and the prospect of machines 
100 times faster in two years’ time, it seemed that the needs 
of crystallographers in this country were likely to be well 
provided for without a special computing centre being set 
up for their exclusive use. 

Mr. J. H. WILKINSON (National Physical Laboratory) said 
that a computing service for crystallographers would be 
provided at the National Physical Laboratory with Dr. 
Rollett’s programmes. The fee would be £15 an hour for 
university users, and £30 for industrial users plus, in each 
case, a royalty on the programmes of £3 an hour. Similar 
facilities would be available on the Deuce machines in 
Stafford and London. 

Dr. J. H. RAYNER (Rothamsted Experimental Station) 
described programmes for the calculation of two-dimensional 
Fourier maps, structure factors, and R-factors on the Elliott 
401 computer. For the structure factor calculations all 
structures were treated as if they belonged to the space group 
P\. The values were computed at the rate of one structure 
factor every 7N/80 + 3 seconds, N being the number of atoms 
in the unit cell. The computer had a magnetic disk store for 
3000 numbers, but the fast access store was limited to five 
registers, including the accumulator and multiplier. With 
this type of computer optimum programming was particularly 
important. 

Dr. M. P. Barnetr (IBM United Kingdom, Ltd.) said 
that a programme written by Dr. D. Sayre (IBM, New York) 
would calculate structure factors, do least-squares refinement 
- of atomic co-ordinates, and least squares refinement of 
individual isotropic temperature factors, for any space group. 
The number of atoms in the asymmetric unit could not 
exceed 176. The programmes had been used to date in cal- 
culations on some forty medium-sized molecules, the largest 
being aureomycin. The time required per least square 
iteration was approximately 1/1250 (number of atoms in 
the asymmetric unit) < (number of reflexions) min. 

Dr. DorotHy HopGKIN (University of Oxford), introducing 
the main discussion with some remarks about computing 
in the structure determination of vitamin B,, said that with 
so many of those who had helped with the computing for 
vitamin B,, in the audience she would like to take the oppor- 
tunity of expressing her thanks to them all. With the punched- 
card equipment used at first the computation of a set of three- 
dimensional structure factors for 100 atoms took many 
months, and it had been a great encouragement to know 
that with an electronic machine this could be reduced to a 
few hours’ working time, though there might be long delays 
in getting the calculations on to the machine. At present 
the problem was still how to get started on the refinement 
of the structure; progress was not held up through any lack 
of computing facilities. 

Professor Cox pointed out that to those concerned with 
smaller structures “refinement” meant improvements made 
after the main stereochemical configuration of a molecule 
had been established, whereas protein crystallographers used 
it to mean improvements made before that stage had been 
reached. He though it best to restrict the word to a precise 
connotation. 

In reply to a question by Dr. H. J. GreNVILLE- WELLS 
(University College, London) Dr. Rollett said that. the 
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programmes for Deuce were equally applicable to two- 


dimensional refinement. 
Professor Trueblood said that the computing times he 
had given for calculations on SWAC, which Dr. Douglas 


had thought rather optimistic, had not included the time 


required for punching the data and checking. Much time 
was also needed for the plotting and examination of the 
Fourier maps, and an accurate automatic method of plotting 
would be of the greatest use. 

Dr. OLGA KENNARD (National Institute for Medical 
Research) put forward a renewed plea for the setting up of a 
centre for crystallographic computing, since she doubted 
whether a few more computers in university laborateaa 
would greatly reduce present delays. 

Dr. Dorothy Hodgkin and Dr. Booth said that with the 
services provided by the N.P.L. and the new machines in 


Manchester and London, all crystallographers in this country — 
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should be able to get their calculations done without undue 


delay. 

Professor Cox summarized the expectations of computers by 
saying that in university laboratories, 
machines already mentioned, there would be, in one or two 
years’ time, Pegasus or Mercury computers at Oxford, 
Glasgow, Leeds, 
No formal arrangements had yet been made, but fees would 
probably be standardized. 

Dr. Douglas expressed doubts about the delivery dates 
which had been mentioned, but Dr. C. M. WILSON (Ferranti, 
Ltd.) assured him that promised dates of delivery for Pegasus 
machines would be adhered to. 


GLOBULAR AND FIBROUS PROTEINS 


Sir LAWRENCE BRAGG took the Chair in the afternoon 
session. In his opening remarks, he recalled the publication 
of a paper which proved that it was impossible to solve a 
structure involving more than five parameters. However, 
recent years had seen a great advance in structure analysis, 
and the afternoon’s papers would show that a high peak 
had been reached in the study of complex substances. As 
an introduction to the papers, Sir Lawrence briefly described 
one method by which the shrinkage properties of the horse 
haemoglobin crystal had been used to trace nodes and loops 
along layer-lines, thus revealing relative phases of reflexions. 
The heavy-atom method of phase determination was proving 
very powerful, and Sir Lawrence illustrated its application to 
centro-symmetrical structures by diffraction patterns obtained 
with the Lipson optical diffraction instrument. 

Dr. DorotHy HopkKGIN (University of Oxford) gave an 
account of the work of her group on vitamin B,,. The 
analysis had proceeded by parallel investigations of four 
different crystal structures: 


(1) dry B,y, which contains about 111 atoms, not counting 
hydrogen, 

(2) wet B,5, which contains an additional five or six mole- 
cules of water, 

(3) the selenocyanide derivative of By, 

(4) a hexa-carboxylic acid, containing some 70 atoms, 
excluding hydrogen, which constitutes the so-called 
“red fragment” of Bj. 


Initially, only the approximate empirical chemical formulae 
of these compounds were known. Other evidence, particularly 
on the presence of a nucleotide-like group, was obtained by 


chemical degradation experiments parallel with the X-ray 
analysis. 
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Three-dimensional Patterson distributions showed peaks 
rising from Co-Co vectors; neighbouring peaks indicated 
ctahedral co-ordination about the cobalt atoms, and sug- 
ested the presence of something similar to a porphyrin ring. 
hree-dimensional electron-density distributions were cal- 
ulated) for forms 1, 2 and 3, using phases derived from 
obalt atoms (cobalt and selenium for form 3). These distri- 
utions were highly imperfect, the ratio f2,/X/2,, being 
nly 0:14-0:21; they showed spurious peaks in addition to 
eaks which later proved to have been in correct positions. 
.mong these it was possible to select a number which corre- 
ponded with the groups identified chemically, particularly 
he nucleotide-like structure. In addition, other peaks were 
elected; those around the cobalt atom composed four five- 
1embered rings, similar to those of porphyrins except that 
wo were linked directly together. However, it proved very 
ifficult by cycles of structure factor and electron density 
alculation to decide which of the selected peaks were correct. 

The isolation of the hexa-carboxylic acid, essentially B,> 
ainus the nucleotide-like group, proved the turning point in 
he investigation. The first electron density distribution, 
omputed again with phases derived from the cobalt atoms 
lone, showed the same porphyrin-like nucleus to be present 
a this compound as earlier recognized in B,». Twenty-six 
toms, including the cobalt, were selected and used for 
urther phase angle and electron density calculations; they 
epresented nearly 50% of the total scattering power. In 
he following electron density distribution all but a few 
toms in the crystal could be clearly distinguished and the 
aolecular structure as a whole could be written out in all but 
few details. ® 

With this knowledge of the major part of the B,, molecule, 

urther refinement had now led to a complete description of 
ae structure of the whole molecule and of the atomic arrange- 
tent in the different crystals, except for the positions of some 
vater molecules.~) The B,; molecules are very compact 
nd almost spherical; they are in contact in the different 
rystals on all sides with neighbouring molecules through 
mide to amide, or phosphate hydrogen bonds. When water 
rolecules are lost on drying, the whole molecule tilts and 
dtates through about 5°.and two amide groups swing round 
) give closer packing. 
Dr. M. F. Perutz (University of Cambridge) began his 
ontribution with a summary of a recent series of papers 
escribing how the signs of the AO/ reflexions of horse 
jethaemoglobin had been determined to a spacing of 
+5 A.00-15) The resulting Fourier projections on the b 
lane, though undoubtedly correct, had proved uninter- 
retable on account of inadequate resolution and of the great 
jickness of matter projected on to one plane. If it were 
ossible to determine the signs to the limiting spacing to 
thich reflexions can be observed, which is about 1-8 A, the 
ssolution of the projections could be much improved. 
yr. Perutz then described an attempt by Miss Ann F. Cullis, 
ir. H. M. Dintzis and himself to determine these signs by 
omorphous replacement with heavy atoms. Three heavy 
tom compounds of haemoglobin had been prepared. In 
ne compound each of two symmetrically disposed SH groups 
1 haemoglobin was combined with one residue of mercuri— 
enzoate and in another with dimercuri—acetate. A third 
ompound was made by combining two groups, probably 
onsisting of mercuric tetraiodide ion, with one molecule of 
aemoglobin at sites whose chemical character was not yet 
nown. 

The positions of the mercury atoms in the mercuri-benzoate 
nd dimercuri-acetate compounds were first found approxi- 


“VoL. 9, JANUARY 1958 


mately from Patterson projections, using the squares of the 
differences in structure amplitude between the heavy atom 
compounds and normal haemoglobin as coefficients of the 
terms.!3) Signs were then calculated for the F(h0/)’s of each 
of the two compounds. The terms for which the signs 
derived separately from the two compounds agreed were 
used to calculate Fourier projections with the differences in 
structure amplitude as coefficients. These served to get 
accurate parameters for the mercury atoms. The mercuri— 
tetraiodide compound gave a poor difference Patterson; the 
positions of the heavy atom groups had to be found from a 
difference Fourier, using the signs already derived from the 
other two mercury compounds. 

A plot of the reliability factors of the heavy atom contri- 
butions in the mercuri-benzoate and dimercuri-acetate com- 
pounds, 


D||AFo| — [AR 
d|AF| : 


showed that they rose from a value of about 0:3 for the 
inner reflexions above 6A spacing to about 0:6 at 3A 
spacing. Beyond this spacing the signs found from different 
heavy atom compounds ceased to be consistent, so that in 
haemoglobin the derivation of signs by the isomorphous 
replacement method seemed to be limited to reflexions of 
spacing larger than 3 A. 

The limiting circle of 3A spacing contains about 550 
reciprocal lattice points. Eighty of these have F values too 
small to be measured leaving a total of 470 signs to be deter- 
mined. Three hundred and forty of these had been found so 
far. The speaker then showed a comparison between the 
original Fourier projection of Bragg and Perutz,“') cal- 
culated with only 94 terms, and a new projection calculated 
with 340 terms. The new Fourier projection showed much 
more detail than the old, but still contained no recognizable 
chemical features. However, Dr. Perutz pointed out that 
the four iron atoms in the haemoglobin molecule should be 
sufficiently prominent to. show up in this projection, and 
that they might be recognized by suitable labelling with heavy 
atoms. Attempts to find the phases of complex structure 
amplitudes by direct methods were being made by Mr. D. M. 
Blow, but it was not sure as yet whether the accuracy of the 
phases would be good enough. 

Dr. D. W. GREEN (Royal Institution, London) described 
work by himself and Dr. A. C. T. North on ox haemoglobin, 
an orthorhombic form.» Chemical studies had shown ox 
and horse haemoglobins to be basically similar“® and 
Patterson projections along the a axes of the two forms. 
displayed similar features.” An isomorphous derivative. 
with mercury atoms attached to the sulphydryl groups indi- 
cated that these groups occurred in the same part of the 
molecule as in horse haemoglobin. Fig. 3 represents dia- 
grammatically the molecule as seen along the three principal 
directions in ox haemoglobin crystals and the positions of the 
SH sites, which have only been located in one projection in 
horse haemoglobin. 

Fourier maps had been calculated for all three projections 
of the ox haemoglobin crystal structure to 6A resolution, 
containing terms representing about two-thirds of the total 
scattering power. Two of these projections were compara- 
tively free of overlapping between neighbouring molecules, 
and were the two views at right angles to that seen in the 
horse haemoglobin projection. No molecular features could 
be recognized, but in both views there was a tendency to diad 
symmetry, which is not crystallographically required in ox 
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as it is in horse haemoglobin. This was another respect in 
which the molecules were similar. : 
The next paper was given by Dr. J. C. KENDREW (Cavendish 
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‘| 
Fig. 3. Positions of the sulphydryl sites within the 
haemoglobin molecule, represented as an ellipsoid. The 
circles indicate the positions observed in ox haemoglobin, 
the crosses and broken lines the sites in horse haemo- 
globin, in which they have been located only in the 
b-projection 


Laboratory, Cambridge) on “‘Phase determination in myo- 
globin.” Of the twelve different crystal forms of myoglobin, 
most progress had been made with Type A, sperm whale 
myoglobin, which belonged to the space group P2,, con- 
taining 2 molecules per unit cell. Unlike haemoglobin, 
myoglobin contained no sulphydryl groups, and it had been 
‘difficult to find specific binding sites which were satisfactory 
for the isomorphous replacement method to be used. Early 
attempts to attach suitable heavy atoms to the haem group 
had been unsuccessful, but Dr. H. M. Dintzis, Dr. G. Bodo 
and Dr. V. M. Ingram had eventually managed to prepare 
several heavy-atom derivatives, including one using mercuric 
tetra-iodide ion, Hgly. It had been found that there were at 
least four different sites to which one or other of the heavv- 
atom complexes could be attached, as shown in Fig. 4. The 


© PCMBS © Hg la EB PCMS-SCyH4.NC 
B Au, Ag @ ICgH4.NO #1 @ Hg di-ommine 
Fig. 4. Positions of heavy-atom sites in the unit cell of 


type A myoglobin 


heayvy-atom positions had been determined by difference- 
Patterson and difference-Fourier methods. 

Signs had been deduced for most of the reflexions of the 
AOl zone out to 4A spacing, reliability factors between 


BRITISH JOURNAL OF APPLIED PHYSICS 


6 


observed and calculated differences being generally bat 
0:30-0:33 for reflexions above 6A spacing. Two Fourier 
projections had been calculated, one to a resolution of 4h, 
the other to 6:6 A; they showed little difference, probably 
because the real limit of resolution was the great depth of 
material in the direction of projection. It therefore appeared 
that, in myoglobin also, it would be necessary to work in 
three dimensions. In order to do this, the heavy-atom 
positions would have to be more closely defined; a difference- 
Patterson had been calculated with data out to 1:9A for 
the Hgl,’ derivative and this resolved the separate atoms of 
the group. After placing atoms in the positions indicated 
by the Patterson, the reliability factor for reflexions steals 
than 6 A was reduced to 0-23. 

Dr. Kendrew intended to perform the three-dimensional 
analysis to a resolution of 6:3A in the first instance. To 
solve the complex phases, at least two, preferably three or 
four, different heavy-atom substitutions would be necessary; 
it was hoped that sufficient satisfactory substitutions had now 
been made. It was hoped to use the method of Perutz to 
measure the relative b-co-ordinates of the different heavy 
atoms. There were still various difficulties to be surmounted; 
in at least one case, PCMS, the heavy atom tended. to migrate 
to a new site on prolonged irradiation; Friedel’s law was 
found to break down for some of the derivatives, though it 
was hoped that this effect might be used as a check on phase- 
determination. 

Dr. Kendrew also referred to work being done on two 
other myoglobin crystal forms, by Dr. Helen Scouloudi and 
Mr. P. J. Pauling at the Royal Institution. 

Prof. J. D. BERNAL (Birkbeck College, London) described 
briefly the work on ribonuclease by Dr. C. H. Carlisle and 
his collaborators at Birkbeck College, London. A _ ribo- 
nuclease derivative containing mercury had been prepared; 
chemical analysis showed that two mercury atoms had 
combined with each protein molecule. The heavy-atom 
difference-Patterson maps were not as clean as those for 
haemoglobin and myoglobin. They appeared to show four 
mercury sites, but a difference-Fourier, based on these four 
positions, showed only two strong peaks, together with much 
background detail. It was concluded that the high back- 
ground was due either to there being other possible mercury 
sites in the molecule in addition to the two favoured positions, 
or to distortion of the protein by the heavy metal complex: 
the latter explanation seemed more probable. Signs had 
been given to about forty reflexions, and a Fourier projection 
of the protein calculated. As with the haemoglobin and 
myoglobin Fourier projections, it showed no recognizable 
features, and the Birkbeck group also had come to the con- 
clusion that a three-dimensional analysis alone would be 
informative. 

Prof. W. T. AstrBury (University of Leeds) surveyed 
“Recent trends in the study of fibrous proteins.”” One of the 
earliest results of the X-ray study of fibres had been the 
recognition that they were of the nature of molecular yarns. 
Only the simpler expressions of this concept had been identi- 
fied in the earlier stages, but of recent years it had come to 
full realization in the discovery at molecular level also of 

“twist” and combinations of “twist.” The general configura- 
tion of the fibre molecule, like so much else in nature, was 
helical, and sets of helical chains might also be twisted together 
to form compound helices or “‘coiled coils,” and so on up to 
visible filaments. 

According to another early X-ray conclusion in nthe field,“ 
the three chief configurational classes of the fibrous proteins 
were: (a) and (b), the «- and f-forms of the k-m-e-f group, 
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» historical prototype of which was the protein (keratin) of 
stretched and stretched mammalian hair; and (c), the 
lagen group. From the combined findings of many 
rkers, it was seen now that: (a) was based on polypeptide 
lices (of about 3-6 amino acid residues per turn) held in 
ape by intra-chain CO...NH hydrogen bonds; (b) was 
sed on opened-up (two-fold) helices linked together by 
er-chain hydrogen bonds; and (c) was derived from the 
ternally-bonded trigonal helices which were common to 
lyproline and polyglycine II. In (a) and (c) there were 
30 superimposed the coiled-coil elaboration, in that at 
ist two or three helices were twisted round one another in 
keratin and its analogues, while the configurational unit 
the collagen group consisted of three of the polyproline- 
pe trigonal helices twisted round one another so as to give 
Ww a repeat, not of nine, but of ten residues in three turns. 
The great difficulty as things stood at present was the 
parent conflict, or rather compromise, between geometry 
id stoichiometry; the macro-periods of the fibrous proteins 
id to be explained too. The coiled-coil systems were 
herently capable of building up more or less specific macro- 
riods in the fibre direction, but regular sequences of residues 
ust also have their effects. In «-keratin, for instance, where 
e macro-period (198 A) might reasonably be interpreted 
1 the basis of a two- or three-fold coiled coil so long as 
fferences between side-chains were neglected, there were in 
tual fact too many observed meridional reflexions. Again, 
e 410A axial period of actomyosin could be dissolved out, 
) to speak: it had been shown to be associated both with the 
actin component and with the “‘light meromyosin” fraction 
‘the myosin component. Indeed, when all the contributing 
ctors and possibilities had been taken into consideration, 
e detailed working-out of the fibrous proteins seemed 
umensely complicated at the moment. We urgently needed 
ore chemical data and the separation of constituents, 
pecially in relation to the collagen group. 

On the credit side, though, the application of optical 
ansform methods was now proving extremely helpful in 
re studies. 

Dr. PAULINE M. HARRISON (University of Sheffield) read 
e paper by herself and: Dr. S. McGavin (King’s College, 
mndon) entitled “‘The structure of collagen and its wider 
iplications.”” The polypeptide chains of collagen have a 
stinctive and characteristic aminoacid composition, including 
22% of proline and hydroxyproline and ~33 % of glycine,” 
though there is a considerable compositional variation 
tween collagens of different organs and between different 
ecies. High angle X-ray diffraction has shown that the 
ain-configurations of different collagens are nearly iso- 
orphous, but the appearance of fibres in the electron- 
icroscope reveals that there are differences in the relative 
rangements of chains. Experiments on _ extracted 
agens,2 and on collagen solutions,?!) suggest that the 
ndamental collagen particle is 3000 A long and of mole- 
ilar weight 300000. These particles may be in a staggered 
ray in the fibre, thus giving rise to the 640A fibre axis 
riod observed by low-angle X-ray and electron microscope 
ethods. 

Determination of the polypeptide chain configuration of 
Iiagen had been aided in the past three-and-a-half years 
/: (1) work on small peptides and the «-helix, the develop- 
ent of Fourier-transform methods and of the optical 
ffraction technique, and improvement in X-ray tubes and 
meras; (2) recognition of the helical nature of the collagen 
ain,(22: 23) revealed by the improved fibre diagram obtained 
ider tension; (3) chemical evidence indicating that the 
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sequence ~—glycine—proline-hydroxyproline-glycine— was im- 
portant in collagen;@* 75) and (4) synthesis of poly—L— 
proline?® and the determination of its structure,2”) a three- 
fold spiral in which the proline imido groups are trans and 
planar, followed by the discovery of the similar backbone 
configuration of polyglycine II.2@®) 

Before the publication of the polyproline data, Rama- 
chandran and Kartha had put forward a collagen structure@” 
in which three chains, similar to those of poly—L-—proline, 
were wound round one another to give a system of three 
coiled coils. Their structure was not correct in detail, but 
modified versions, such as those first published by Rich and 
Crick,@® which would accommodate the —glycine-proline— 
hydroxyproline-glycine— sequence, were now accepted by all 
the main groups of collagen workers.@!: 32; 33) Dr. Harrison 
now favoured the version shown in Fig. 5, which gave 


— 


ANGSTROM 
UNIT 


HYDROGEN ..... 


Fig. 5. Proposed structure of collagen, viewed along 
axis of helix. (‘‘Clockwise’’ model) 


reasonably good agreement between calculated and observed 
structure factors, as indicated by its optical transform in 
Fig. 6. : 

Now that the polypeptide chain configuration had been 
established with reasonable certainty, it might prove instruc- 
tive to examine packing arrangements related to its symmetry, 
in order to explain the complex pattern given by fibres in 
their native moist condition.C* The effects observed might 
be due to the crystallites involved containing only a limited 
number of chains. Alternatively, as Ramachandran had 
suggested,°5) the arrangement might be based on a cylindrical 
lattice; his proposed lattice was not entirely satisfactory, but 
it was possible that one of the other types of cylindrical or 
spiral lattice, as described by Whittaker,°® would be better. 

Dr. Harrison showed that the long fibre axis periodicity 
could be derived from the proposed three chain configuration, 
and suggested that the relative intensities of the low angle 
diffraction orders could be explained by the sequence of 
amino acid residues. 

During the discussion Dr. W. TrausB (Birkbeck College, 
London) described some X-ray studies of wheat protein done 
in collaboration with Dr. J. B. Hutchinson and other chemists 
at the Cereals Research Station, St. Albans. The elastic 
properties of wheat protein and the disoriented B-keratin 
X-ray diagram of the denatured material indicated that it was 
related to the k-m-e-f group of fibrous proteins. 
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Low angle photographs showed a sharp spacing at about 
45 A which had not been observed in other cereals. Further- 
more, the low angle X-ray pattern was appreciably affected 


(6) [Photograph—Mr. R. E. Burge] 


Fig. 6. (a) X-ray fibre diagram of dry rat tail tendon 
stretched 7:6%. (b) Optical diffraction pattern of the 
collagen model shown in Fig. 5. L-proline and hydroxy- 
L-proline side chains and one water molecule have been 
included; other side chains are omitted 


by the processes of milling, wetting and doughing. Studies 
of materials extracted from wheat protein by chemical and 
enzymatic methods indicated that the 45 A spacing was due 
to the presence of a fatty substance (probably a phospholipid) 
which was closely associated with the protein. 

These results, together with the orientation of the 45A 
spacing in thin protein films, suggested that the protein 
structure was held together by layers of fat, and offered a 
qualitative explanation for the water-absorbing and elastic 
properties of wheat flour and its susceptibility to oxidation 
and mechanical working. 

Dr. F. HAppey (Bradford Technical College) believed that 
the differences between the X-ray fibre diagrams of natural 
and synthetic «-polypeptides could be explained in terms of 
the degree of crystallinity of chain packing, the chains them- 
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selves being basically the Pauling and Corey%” o-helix in 
each case.38) The simple synthetic polypeptides, such as 
poly-L-alanine, show a comparatively highly crystalline 
structure, based on «-helices in hexagonal array. Some 
polymers with long side-chains, synthetic copolymers” and 
natural «-fibres,4 in which there are side-chains of different 
lengths, adopt less regular packing, resulting in diffuse X-ray 
reflexions. Long side-chains probably also cause relative 
displacement of adjacent helices in an axial direction, in 
order to achieve closer packing. Dr. Happey outlined the 
effect of such displacements on the spacings of meridional 
and near-meridional reflexions, and showed that the different 
spacings occurring in natural and synthetic «- -polypeptides 
could be accounted for on this basis. 


VIRUSES AND NUCLEIC ACIDS 


On Saturday morning, Prof. Cox again took the chair, 
Dr. M. H. F. WILKINS (King’s College, London) reported on 
work, being carried out at his College, on the structure of 
nucleic acids and nucleo-proteins. He pointed out that 
because of their very asymmetric shape deoxyribonucleic 
acid (DNA) molecules are of interest to physical chemists, 
They also have much biological interest, for, in living things 
it is DNA that carries the genetic information. This is 
assumed to be produced by the sequence of the four cyclic 
nitrogen bases that occur in DNA, attached to the sugar- 
phosphate backbone.“!) Therefore the structure of the 
molecule may show the connexion between the oraneas 
of bases and the genetic information. 

The Watson—Crick“4?) model suggests that a molecule is 
composed of two sugar-phosphate polymers intertwined, 
with the bases always occurring in certain pairs, giving a 
regular double helical arrangement. Empty regions on the 
diffraction photograph indicate that each of the basic units 
or nucleotides is rod shaped. 

In the solid state the helix has two special configu 
tions.43-44) In the A form the nucleotide rods are at 70° te 
the helix axis, and in the B form they are perpendicular te 
this direction. Helices pack best when displaced relative to 
each other, and the sodium crystalline A form has eleven 
nucleotides per turn and forms a monoclinic lattice. The 
lithium salt (see Fig. 7) occurs in the B form, as it has ten 
nucleotides per repeat, and forms an orthorhombic lattice. 
At higher humidities crystals occur with nearest neighbour 
molecules displaced by one third of the pitch length, giving 4 
hexagonally packed B form but with imperfect crystallinity. 

The proposed model,‘*>) which is of a similar type to that 
of Watson and Crick, can be made to take up two special 
configurations. Optical transforms“® (see discussion below) 
and calculated structure factors show reasonable agreement 
with the observed diffracted intensities from the A and B 
structures. To fit the observed to the calculated intensities 
the sodium atoms have to be specifically localized: these 
positions can be checked by using salts of potassium and 
rubidium in place of sodium. Ideally this isomorphous 
replacement might enable one to solve the structure by a 
Fourier synthesis, but the diffraction diagrams are not stianp 
enough in their outer regions to allow this. 

Having determined this structure one would go on to see 
whether the knowledge helped in interpreting the diffraction 
patterns from more complicated and even living things. This 
had been attempted for nucleo-protamine,“>) both artificial 
and natural, which showed a hexagonal packing with the 
right kind of intensity distributions. Even from whole cells 
one could identify rings due to some of the DNA structure. — 
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Dr. ROSALIND FRANKLIN (Birkbeck College, London) told 
work being conducted by herself and her colleagues at 
irkbeck College, London. Early work on tobacco mosaic 


Y 
| 


Fig. 7. Fibre diagram of the lithium salt of DNA at 
_ 66% relative humidity 


rus (TMV), showed that it was a nucleoprotein of particle 
eight 40-50 million containing 6% ribonucleic acid (RNA). 
srnal and Fankuchen‘4”) prepared orientated gels and 
Mtained fibre photographs; Watson‘48) employed helical 
ffraction theory to show that the virus contained (3” + 1) 
juivalent sub-units in one repeat of three turns. This was 
firmed by Franklin.49) More recently photographs have 
en obtained with a focussing crystal monochromator. 
A strong intensity modulation on the third layer line could 
- directly related to a helical groove round the outside of 
é particle.©®) The groove allowed the particles to interlock 
1 drying, and therefore explained the previous lack of con- 
tency between the observed diameter of single particles 
id particles in rafts in electron micrographs. The amplitude 
the modulation suggested that the ridge and groove resulted 
ym a set of protuberances. 
In general, more information came from a comparison of 
MV with related substances. Photographs of U2 and other 
‘ains, and of cucumber virus 4 yielded useful differences. 
1e protein of TMV could be prepared free of RNA.©”) An 
ymorphous mercury derivative (mercury TMV) with one 
=rcury per sub-unit had been prepared by Fraenkel—Conrat. 
On the equator, the phases out to R = 2sin 0/A = 0-1 A7! 
re all real. As the mercury atoms occurred once per sub- 
it they were assumed to be in equivalent positions; there- 
re the contribution on the equator is Jo(27Rry,) (where rie 
the real space radius). By comparing the logarithmic 
ensity plots from TMV and HgITMV the nodes of this 
action were found, giving rye = 57 A and hence the signs 
the inner equatorial maximum. This was confirmed by 
:plitude difference plots. A radial density distribution (see 
x. 8) was calculated, which agreed with Caspar’s inde- 
ndent work.©3) It was also calculated for some other 
ains, which all showed the same general features, and for 
» RNA-free protein. The most notable change in this was 
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the replacement of the 40A peak by a hole. This showed, 
and the layer lines confirmed, the RNA to be deeply imbedded 
in the protein at a radius of 40 A. 

The number of sub-units in three turns (37 + 1) should be 
determinable from the character of the (3m + 1)th layer line, 
but imperfections in orientation made.this impossible. The 
mercury, however, gave rise to J3,,. ;(27Rry,) far out on the 


aetlivslascla. gland Neal lca] 


= TMV. 
-—-- TMV PROTEIN 


DENSITY 


60 


° 
RADIUS A 


Fig. 8. The radial density distribution in (a2) TMY (full 

curve); and (b) repolymerized, RNA-free, TMV protein 

(dotted curve). The curves show the difference between 

the electron density of the particles and that of water, 

plotted as a function of radial distance from the particle 

axis. The strong peak at 40A in (a) is absent in (6) and 
is therefore attributed to the virus nucleic acid 


zero layer line and the observation of this fixed (3n + 1) 
as 49. This was confirmed by measurements on the layer 
lines.©”) 

The work was at an early stage. It was hoped that it would — 
be possible to determine phases on layer lines by the method 
of isomorphous replacement, where one was aided by each 
layer line being a continuous part of the molecular transform. 

Dr. F. H. C. Crick (Cavendish Laboratory, Cambridge) 
described recent work©>) done in collaboration with Dr. J. D. 
Watson and Dr. D. L. D. Caspar, on the structure of 
“spherical”? viruses. Electron microscopy has shown that 
small viruses are, in shape, either rods or approximate spheres. 
TMV, a typical rod virus, consists of sub-units related to 
each other by a screw axis, to form a helix. The small 
spherical viruses are usually of diameter 300 A, and molecular 
weight about five or ten million, and like TMV contain RNA. 
The question arises whether these spherical viruses are also 
made up of sub-units related by symmetry elements. Early 
X-ray studies suggested that the spherical viruses might 
possess some symmetry since in a few cases cubic shaped 
unit cells were found. Certain types of symmetry can be 
ruled out—both mirror planes and centres of symmetry, since 
in biological molecules only one of the optical isomers occurs. 
This leaves only rotation axes. Apart from the simple rotation 
groups, the fact that from the sub-units is built a compact 
shell of protein suggests cubic point groups, and the possible 
ones are 23, 432 and 532. 

The first X-ray diffraction photograph taken by Caspar 
was of a disordered crystal of tomato bushy stunt virus (BSV), 
which gave no sharp reflexions but a general impression of the 
reciprocal lattice. It had two rings of ten spots, indicating a 
possible five-fold symmetry. Dr. Caspar was later able to 
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obtain good single crystal precession photographs©® out to 
10 A, and to show that the crystals were cubic and body- 
centred, having at each lattice point one virus particle, which 
therefore also had cubic symmetry. The extra symmetry of a 
virus particle having 532 symmetry would also be expected 
to show up in the X-ray photograph as spikes of intensity in 
the directions of the rotation axes, since, for example, on 
projecting atoms on to the five-fold axis, each atom occurs 
five times, and the diffraction in this direction would be, on 
the average, five times as strong as elsewhere. Caspar found 
the regions of strong intensity on the outer parts of his 
photographs to be in the directions of spikes expected from a 
virus particle having, at least in part, 532 symmetry (Fig. 9). 


[Reproduced by permission of the Editors of Nature] 


Fig. 9. Precession photograph by Caspar of the basal 

plane of the reciprocal lattice, norma! to the cube edge of 

bushy stunt virus. On the right is a weighted reciprocal 

lattice net showing the orientation of the two-, three- and 
five-fold axes which lie in this plane 


The cytoplasm of living cells contains many fairly uniform 
particles, similar to the spherical viruses in size, shape and 
amount of nucleic acid, and these are believed to be sites of 
protein synthesis. It will be interesting to see if these also 
can be crystallized and whether they have cubic symmetry. 
There is also the problem of putting a long fibrous molecule, 
as RNA is believed to be, into a particle and giving it cubic 
symmetry (although it may be a pseudo-symmetry) and the 
study of the arrangement of the RNA in spherical viruses, 
especially perhaps in turnip yellow mosaic virus (which 
exists in two forms, with and without nucleic acid) may help 
work on protein synthesis. 

Dr. A. KLuG (Birkbeck College, London) then described 
some recent X-ray work on turnip yellow mosaic virus 
(TYMY). This contains 40°4 RNA which contributes a 
great deal to the X-ray scattering since it has higher electron 
density than the protein. The first X-ray work was done by 
Bernal and Carlisle who from powder photographs,©” and 
later from single crystal “‘still’”’ photographs,©® determined 
that the unit cell was cubic and of side 706A. On account 
of the absence of the (222) reflexion, they suggested that 
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there were eight virus particles in the unit cell, arrancedi as 
the carbon atoms in diamond. 

Recently, low angle precession photographs have established 
that the crystals have the space-group F4,3, and that the : 
virus particles have cubic symmetry (Fig. 10). 
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Fig. 10. Precession photograph of the basal reciprocal 
lattice plane, and parts of higher layer planes, normal to 
the cube edge of turnip yellow mosaic virus. On the 
right is a schematic impression of the reciprocal lattice 
net showing the orientation of the two-, three- and five-— 
fold axes which lie in the basal plane. The shaded areas 
indicate the regions of strong intensity of the higher layer 
planes 


graphs also show spikes of high intensity in non-crystallo- 
graphic directions. This effect is as strong as that found by 
Caspar©® in BSV, although in TYMV they do not stand out 
so clearly since the virus particle occurs in two orientations 
in the unit cell, and the number of spikes is doubled. The 
positions of the spikes agree with those expected from a 
virus particle having 532 symmetry. The first, low angle, 
precession photographs showed no reflexions with indices 
h, k, l, all odd, although a stronger exposure showed a few 
weak reflexions with odd indices; ‘“‘still” photographs showed 
that they appear at higher angles. Reflexions of type 
h+k +1= (4n + 2) are absent at least to spacings of 8 A. 
The weakness of all non-4n reflexions indicates a pseudo- 
body-centred cell of half the size of the true unit cell. This 
means that the true unit cell contains sixteen virus particles 
with their centres on a body-centred cubic lattice, but to 
preserve the true, large cell, alternate particles along a cube 
edge are turned through ninety degrees. This number of 
particles in a unit cell was confirmed from measurements of 
the ultra-violet absorption per unit path length through a 
single crystal, in collaboration with Dr. P. M. B. Walker of 
King’s College, London. 

To check the arrangement proposed above, optical trans- 
form work was done, with the virus particle represented by a 
532 arrangement of points (the snub dodecahedron). With 
eight particles in a diamond type unit cell, reflexions of the 
type h + k + 1= (4n + 2) are absent at iow angles, as is to 
be expected since the snub dodecahedron has fifteen two-fold 
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xes and hence a strong centrosymmetric tendency; reflexions 
‘ith odd indices are however quite strong. With sixteen 
articles per unit cell, (47 + 2) reflexions are strictly absent 
nd odd reflexions only appear at high angles, as observed. 

| Virus protein particles free from nucleic acid are found 
ccompanying the virus in nature.©% Only small crystals 
f this form have been obtained, and these have been studied 
y powder photographs. The very low angle scattering 
grees with the results of Schmidt and others) that the 
rotein is in the form of a spherical shell as originally sug- 
2sted by Markham.) The intensity at somewhat higher 
agles indicates that this shell is made up of discrete protein 
ib-units. This was illustrated formally by the calculation 
f the radial distribution function, which was.found to be 
milar to that of sixty spheres arranged: at the vertices of a 
wb dodecahedron. 

In the discussion on these papers, Mr. C. W. Hooper 
<ing’s College, London) described the photographic pre- 
aration of masks used in obtaining optical transforms. 
.odalith stripping film could be used down to hole diameters 
f 70 to 100. Intensities measured on the optical 
attern from a trial structure of DNA ‘‘B” agreed well with 
ie calculated transform in the central region (Fig. 11) where 


CALCULATED 
OPTICAL 


10 
é (&nostroms ') 
Fig. 11. A comparison of the optical and calculated 
structure factors for DNA trial structure BB, 


ye number of projections used was sufficient to represent 
1e cylindrically averaged structure.) Accurate Patterson 
1aps had been obtained from masks representing weighted 
sciprocal lattice planes. 

Summing up, Prof. Bernal showed how the new tech- 
iques dealt with, electronic computation, model building, 
hase determination by heavy element substitution, were all 
ecessary to provide the precise solutions of complex struc- 
ires which alone would give information on configuration 
eyond the reach of organic chemistry. So far, the model 
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for this was the structure of vitamin B,, which had been: 
discussed by Mrs. Hodgkin. The work reported on protein 
structures showed the necessity to push further the methods 
of multiple substitution and three dimensional analysis 
developed by Perutz and his school. 

In view of the difficulties of determining the structure of 
protein molecules of weight of some tens of thousands, it 
was gratifying that such remarkable successes had been 
reached for structures of nucleic acids and virus nucleo-- 
proteins whose molecular weights run into tens of millions. 
This appeared to be due to the internal regularities of these 
larger structure compared with the highly heterogeneous. 
peptide sequence of the proteins. The power of X-ray 
analysis in all these cases had been greatly increased by the 
extension of diffraction theory to cover non-crystallographic - 
groups including spirals and higher point symmetries. 

This could not, however, have produced results if the: 
structures studied had not possessed a sequence of regularities. 
on an ascending scale. Organic nature was far from a for- 
tuitous concourse of atoms but rather an ordered sequence 
of aggregates, each one being constructed from units of the 
one immediately below. There were certain sticking points 
which rounded off a structure such as a protein at a molecular 
weight of some five to twenty thousands. Larger protein 
molecules such as haemoglobin seemed to be made out of 
agglomerations of these proto-proteins. Agglomerations of 
these in turn built up the virus protein in spiral or spherical 
cage-like form. At higher levels still, heterogeneous aggre- 
gation of protein with nucleic acids and lipids give regular 
structures coming well into the electron microscope range. 
As to the reasons for these definite discontinuities in the: 
process of building up of biological micro-structures from 
their atoms, they were probably complex, partly depending 
on the enzymatic polymerization process by which the 
standard macromolecules were built up. Another part of 
the explanation, especially for the larger structures, might. 
lie in pure geometry, as the Greeks had intuitively seen in 
creating their atomic theory, Certain regular arrangements. 
fitted well and had consequently low energy. Thus it was. 
easy to pack twelve equal spheres round another but difficult. 
to pack eleven or thirteen. When any particular arrangement. 
was completed independent units tended to form and in turn 
to agglomerate into large regular structures. The resulting 
regularities on a scale from several hundred to fifty A units 
gave rise to strong X-ray reflexions. In fact the guiding 
idea of this extremely interesting, if somewhat sophisticated, 
meeting of the X-ray Analysis Group had been the possibility 
of analysing all structures which possessed regularity on any 
scale. 

The evening discourse, given by Prof. Dame KATHLEEN 
LONSDALE (University College, London), entitled ““Problems 
of simple structures,’ which was published in the Institute’s 
Bulletin in July 1957, and which is not reported here in 
detail, was much appreciated by Members of the Conference. 

J. FINCH 

D. W. GREEN 
K. C. HOLMES 
A. C. T. NORTH 
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ORIGINAL CONTRIBUTIONS 


Measurement of elasticity and anelasticity of small disks 
by an inductor method 


By G. BrapFIELD, B.Sc., and F. A. Levi, Dott. Fisica,* National Physical Laboratory, Teddington, Middlesex 


[Paper first received 10 July, and in final form 2 September, 1957] 


An instrument is described operating on the inductor principle to set a small disk into radial 
vibration so that one of its elastic constants can be determined from its frequencies of resonance. 
The method of testing also permits the internal friction to be measured as the ratio Q,, of the 
real to the imaginary component of the elastic compliance. The accuracy of determination of 
_ the resonance frequency is to better than 1 part in 50000 and the determination of the internal 
friction ratio to better than 1 part in 50 in a typical case when, for example, the above ratio OF 
is about 3000. The elastic constant directly derived is the ‘‘sheet’”? modulus E/(1 — o2) where 
is Poisson’s ratio and E is Young’s modulus. 


1. 


‘his investigation forms an item of that part of the pro- 
ramme of research at the National Physical Laboratory 
hich is devoted to the precise measurement of the elasticity 
nd anelasticity of small specimens of solids in the form of 
late or strip. This present item is confined to testing speci- 
iens having elastic isotropy in the plane of the plate or strip. 
‘he method was developed in 1950 and has already been 
rentioned briefly in a lecture given in 1952 recorded in a 
1emorandum from these Laboratories,“!) and again briefly 
y the senior author in 1954 in the course of a general dis- 
ussion of transducers. The dimensions of the specimens 
yeasured by this method are 2 cm in diameter and the thick- 
ess may vary from about 0:07 to 0:8mm. The method 
evised was especially suitable for an investigation by one 
f the authors (F.A.L.) into the properties of electrolytically 
eposited copper. Such deposits are generally elastically 
otropic in the plane of the sheet and the method devised, 
eing an inductor method of circular symmetry, was 
specially suitable for testing disks made of these materials. 
The method yields the “sheet”? modulus E/(1 — a”), 
tobably the most important elastic constant for sheet metals 
sed in structures; Young’s modulus E can be derived when 
Oisson’s ratio o is known. 

. 


INTRODUCTION 


' DESCRIPTION OF PRINCIPLE AND CONSTRUCTION 
OF THE DEVICE 


To avoid the setting up of bending and other modes of 
‘bration in the disk, the tangential forces in the disk are 
2veloped in such a way that they are circularly symmetrical 
4d also that they are equal on both sides of the disk. Ex- 
mination of Figs. 1 and 2 with the help of the following 
escription will show how this is accomplished. The large 
shaped permanent magnet in Fig. 1 established normal to 
1e disk under test a flux of density 3400 G. This disk, which 
-2cm in diameter, rests on a central support consisting of 
iree sapphire jewels, with ends of radius 25 w set at the 
orners of an 0°65 mm equilateral triangle. It lies sym- 
letrically between and concentric with two coils (each about 
{0 turns No. 42 double silk covered) which serve both to 
jable concentric circulating currents to be induced in the 
isk and, in turn, to have induced in them voltages due to 
ie radial vibration of the disk in the magnetic field; these 
ibrations are, of course, caused by the interaction force of 


* Now at University of Peruggia, Italy. 
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the magnetic field and the original induced currents. These | 
voltages supplement those normally caused by the primary 
current flowing through the resistive and reactive components 
of the coils (which are in series) and cause an impedance 


Fig. 1. Assembly of inductor-driven oscillating disk for 
damping measurement 
thermocouple 
hf 
Sie 
coil with 
Bakelite locating spacets 
=-mild steel 
z Pea SN 
b-O°875in 
Fig. 2. Inductor-driven oscillating disk for damping 


measurements 
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pliance and resistance of the disk by the electro-mechanical | 
The theories con- } 


change which alters very rapidly as the frequency of excitation 
moves through the mechanical resonance frequency of the 
disk. Such impedance changes are readily observed by con- 
necting the coils in a bridge circuit with a suitable out-of- 
balance indicator and varying the input frequency slowly 
and steadily. The approximate equivalent network of the 
device shown in Fig. 3 is valid over the frequency range 


Fig. 3. Simplified equivalent circuit of disk inductor 
device 

Res = 27:1 0 Tie A SKS Ry = 33-40 

Lp = 392 nH L, =0-0145 wH GCG. A108. we 


100 to 160 kc/s and, with suitable values of L;,, Cy and Rm 
for a copper disk, corresponds with the Argand diagram of 
Fig. 4 which is based on an actual test using such a disk. 

The elements L,,,, C,, and R,, of the network correspond to 
the mechanical resonance of the disk and are transformed 
from their mechanical counterparts of éffective mass, com- 


fa 
326 : 


Reactance (1) 


74 


50 58 


66 
Resistance (9) 
Fig. 4. Argand diagram for copper disk SVI. (Electro- 
lytically deposited without ultrasonics.) The clamped 
impedance line is estimated to pass through a’. b” is 

true resonance frequency of the disk 


Frequency Frequency Frequency 

cls) c/s) c/s) 
a = 124001 gq = 127449 g, = 127510 
6 = 125001 r = 127460 hy = 127516 
c = 126001 s = 127466 iq = 127521 
d = 126201 t = 127472 Ailes PAIR PAS) 
e = 126294 u = 127476 ky 127531 
wl 20313 vy = 127480 1, = 127542 
g = 126354 w = 127483 my, = 127554 
h = 126684 x = 127486 ny = 127574 
i= 126935 y =127488 0, = 127623 
j = 127001 z = 127490 Py = ALZTIS2 
k = 127265 a, = 127492 gq = 127908 
LE 127358 by = 127495 ry = 128087 
m= 127390 ce; = 127496 1 = 128250 
n = 127409 d, = 127498 ty = 128920 
o = 127428 ey = 127502 uy = 131281 
p = 127442 fi = 127505 
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transducer action of the inductor device. 
cerning the latter have been summarized. by Hueter and Bolt, 
and Evison) has discussed the general case of driving a 
complex mechanical load. 
The acoustic load in the authors’ case is that presented to a 
periodic radial force which acts at the periphery of the disk. 


It appears like a series combination of mass M, compliance S$ } 


and resistance R,, and, in such a form, is inverted by the 
gyrator characteristics of the moving conductor transducer 
(to which the inductor device approximates) to yield the 
parallel combination of the elements L,,,, C,, and R,,, in Fig. 3. 
When the loss in the vibrating disk is small, the mass reactance 
j2nfM (where f is the frequency of excitation) is great com- 
pared with R,,, and R,, in the inversion is great compared 
with 1/27fC,, so that the resonance frequency /,,, of the disk 
is very closely given by f,, = 1/27(L,;,C,,)?. 


As has been discussed by Love this resonance frequency f | 


for a thin disk excited into radial resonance is given as the 
solution of the equation: 


ka Jo(ka)/J\(ka) = 1 —o 


Jo(ka) and J,(ka) are zero and first order cylindrical Bessel 
functions of argument ka, where a is the radius of the disk, 
k is 2nf [p(1 — o*)/E}}, p is the density of the disk, o is the 
Poisson’s ratio of the disk, and E is the Young’s modulus of 
the disk. 

Roots of this equation are given in Table 1 for various 
values of Poisson’s ratio. 


Table 1. Roots of radial resonance equation for a thin disk — 


o = 025 0-275 50:30. 0-325 0°35) Damm 
ka (first 


root) = 2-020. 2-037. +2-053. .2-070° 2:084 — 2-098 


The roots can be obtained to an accuracy of better than ~ 


1 in 10° using, for example, 11 or 15 place tables of Bessel 
functions. 

If typical figures are inserted for a copper disk: 
a= 1-:036cm,, p = 8:934gcem2, o = 0-342 and. E= 
1-298 x 10~!* dyn cm~%, the calculated resonance frequency 
is 130 kce/s and values quite close to this were found for such 
disks. 


3. ADDITIONAL DETAILS OF OPERATION OF DISK 
RESONANCE INDUCTOR DEVICE 


3.1 Triple jewel support. This is one of the most important 
features contributing to the successful operation of the device, 
for it was essential to find a method of support which would 
define the plane and centre of the disk accurately, yet would 
not contribute appreciably to the mechanical losses of the 
disk during vibration; the polished ends of the jewels assisted 
to reduce the latter but, in any case, the point of support 
was extremely close to the velocity node at the centre so that 
very little tangential movement occurred. The centring of 
the disk on the support was accomplished with the aid of 
screws which were withdrawn during test. 

3.2 Temperature control. In order to realize the full 
accuracy of this instrument, the temperature needed to be 


maintained to an accuracy of +1/50°C. This was accom- 


a 


} 


plished by having a bell jar, thermally lagged on the outside, — 


over the device and providing in it both a copper spiral to. 
permit cooling water to be circulated and an electrical heating 
element to raise the temperature by as much as 30 or 40°C 


VoL, 9, JANUARY 1958 


Measurement of elasticity and anelasticity of small disks by an inductor method 


he bell jar could be evacuated but, in any case, the con- 
ruction was such that the disk was well shielded from 

‘aughts; its temperature was read from several thermocouples 
iserted 1 in the instrument in its immediate vicinity. 

3.3 Operation in a yacuum. For an instrument of. this 
Psion it is desirable to eliminate the effect of the loading 
* the air on the frequency of vibration and on the damping 
‘the vibrations. The wavelength in air at 130 kc/s is only 
‘ mm so that the periphery of the disk is many wavelengths 
ng and, at a thickness of 0-8 mm, the edge is radiating 
opreciably. The loading due to the air, because of the thin- 
2ss of the disk, will be slightly reactive. The calculated 
itio Q,, Of a loss-free disk in these circumstances would be 
ither over. we x ratio of characteristic impedances of 
opper and ‘of air, that is (7/2) x [(480000 x 8- 9)/40] = 
70.000, so that the air damping may cause an error of about 
% where Q,,, (as for a copper disk) is about 3000 or 10% 
here Q,,, (as for an aluminium disk) is about 20000. 

The provision of a bell jar and vacuum tight joints through 
te base plate enabled these errors to be eliminated by 
perating in a vacuum. 

3.4 Anti-vibration mounting. It was essential, in order to 
btain the desired accuracy in measurement, to keep the 
Osition of the specimen unchanged in relation to the jewel 
apport and the coils. This was achieved by mounting the 
evice on a heavy steel block which itself rested on a heavy 
eel top supported by a slender tubular steel pillar. This 
ystem constituted a mechanical low-pass filter which pre- 
2nted vibrations of the floor disturbing the measurements. 

3.5 The bridge-type vibration indicator. It is possible to 
erive the mechanical resonance frequency of the disk 
‘gorously from a detailed Argand diagram or by an approxi- 
iation method, the latter involving much less labour. Dis- 
issing the rigorous method first, an equal ratio-arm bridge, 
1e arms being 10000 Q, that is, over ten times the impedance 
= the coil system, has a calibrated variable inductance in 
sries with a variable resistance in the arm balancing the coil 
apedance of the instrument. The impedance is therefore 
scurately determined at a series of frequencies and plotted 
3 in Fig. 4. 

Now this Argand diagram can be considered as the locus 
f the sum of two vectors represented by the clamped 
apedance circle (of diameter R,) and the motional impedance 
rcle, so that the true resonance frequency lies at the inter- 
sction of the latter with an arc drawn with centre R,,, O 
‘ee Fig. 3), through the point where the above two circles 
yuch a’. This intersection occurs at b”’ in Fig. 4 and inter- 
lation gives the resonance frequency as 127502-7. 
‘In the approximation method we preferably constitute the 
alancing arm so as to have an impedance locus corresponding 
ith the clamped impedance circle and use the out-of-balance 
dltage to indicate the vector of the motional impedance 
rcle. The former is achieved by the use of an additional 
iunt resistive element for the balancing arm, and the latter 
achieved by the use of high resistances for the ratio arms of 
ie bridge so that the currents through the balancing arm on 
icough the instrument impedance are substantially unaffected 
y the variations in these relatively low impedance elements. 
hen at the maximum value of the out-of-balance voltage, the 
equency Fin} is very close to the true value of f,,. (A further 
arrection is, however, possible as will be seen later.) Now 
ary the values of the reactance and resistance given by the 
ridge for a balance at frequencies fe cise LKCIS, J ypc 2 KCIS 
ad record the results. By linearly interpolating between the 
rst two pairs and between the second two pairs and averaging, 
1en adjusting resistance and reactance on the bridge to these 
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values, a more accurate value of f,, can be obtained at the 
maximum vector of the out-of-balance voltage. Leaving the 
bridge adjustments untouched, the frequency is varied so 
that the vector is 1/\/2 of this maximum vector and the 
frequencies f;, f; at which this occurs are recorded. The 
value of Q,, is (f, + /)/[2f, — ADI. 

The correction 6’b” in Fig. 4 is only 1 part in 120000 and 
as this is substantially independent of the quality factor Q, 
this proportion can be added in all cases of copper disks of 
the same conductivity. 


4. MEASUREMENTS MADE ON THE EQUIPMENT AND 
DISCUSSION OF ERRORS 


4.1 Evaluation of the circuit elements of the equivalent net- 
work of Fig. 3. The value of R,, is determined with the coils 
out of themagnet system by extrapolating thearc of the Argand 
diagram with the disk in position, but at well below resonance, 
for there the shape is determined almost entirely by R 
and L,. The disk approximately halves the impedance of the 
coils. When the coils are assembled in the magnet system, 
loss occurs due to eddy currents in the pole pieces and this 
is included in resistance R,. A slight modification to L, also 
occurs and these changes are determined from the Argand 
diagram, again at low frequencies, but with the coils assembled 
and the disk in position. Some of the measurements made 
are given in Tables 2 and 3. 


Table 2. Impedance of coils (away from magnet and pole 
pieces; disk not in position) 


Frequency R resistance X reactance X/2nf 
(Ke/s) (series) (series) (10— 6H) 
100 SNS) 558 888 
120 35-8 693 918 
125 36-8 728 927 
OTe) 37-4 746 932 
130 38-0 765 937 
150 92:4 923 979 
Table 3. Impedance of coils (assembled in magnet and pole 
pieces; disk not in position) 

Frequency R resistance X reactance X/2nf 
(ke/s) (series) (series) (10-6 A) 
100 O29) 501 797 
120 108-5 608 805 
125 12-1 635 809 
PASS) 114-1 649 810 
130 116-4 665 815 
150 1333 785, 834 


4.2 Measurements on a copper disk. The Argand diagram 
of Fig. 4 applied to a copper disk electrolytically deposited 
without ultrasonics, 0:33 mm thick and 2:030cm in dia- 
meter at a temperature of 20-0° C. In accordance with the 
discussion above, the resonance frequency f,,, of this disk was 
at point b”’ on the figure, i.e. at 127502°7 c/s. Assuming 
Poisson’s ratio to be 0:342, by the use of Table 1, ka is 
obtained as 2-074. Since a = 1-015 cm and f,, is 127502-7, 
[E/p(. — o?)} is 391970 cm/s and, using the above value of 
Poisson’s ratio and taking a value for the density of 
8-934 gmcm-3, the value of £, Young’s modulus, is 
1-212 x 10!2 dyn cm~?. 

It will be quite close to the truth if the mechanical quality 
factor Q,, is derived from the values of f;, /, (see Section 3.5) 
on the orthogonal diameter to a’b’. These two frequencies 
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are 127525-8 and 127481-6 respectively yielding a value 
of Q,, of 127502-7/44-2 = 2880. 

4.3 Accuracy of determination of “sheet” modulus E/(— o?) 
and of the mechanical quality factor Q,,. The assumption 
will be made in this section that the disk is thin and isotropic 
and that its density, temperature and Poisson’s ratio are 
known accurately. Each of the frequency points on the 
Argand diagram can be ascertained to an accuracy of +0°3 
cycle by averaging ten or more readings, since the frequency 
counter used in this work was capable of reading to an 
accuracy of I c/s. The values of resistance and reactance 
could be accurate to +0-2Q and this error did not limit the 
accuracy obtainable. On the above assumptions, the accuracy 
of deducing the frequency of resonance would be about | part 
in 200000 and hence, if the radius of the disk be accurately 
known, the “sheet”? modulus £/(1 — o?) can be calculated to 
1 part in 10°. 

Assuming an error of 0:3 cycle in determination of the 
orthogonal points for determination of the quality factor Q,,, 
with a frequency difference of 44 cycles as above, an error of 
about 2% is to be expected. 

4.4 Measurements on an aluminium disk. A measurement 
was made on an aluminium disk of diameter 2 cm and thick- 
ness 0:75 mm. The value obtained for the mechanical quality 
factor Q,, was 20000 in air. As discussed in Section 3.3, 
about 10°% of the loss so measured must have been due to the 
damping of the air. It seems doubtful whether the friction 
at the supports would be responsible for more than | or 2% 
but clearly, if disks of such low decrement are under investi- 
gation, an evaluation of the support loss would be necessary. 

4.5 Measurements on a very thin silver disk. (n order to 
explore the capabilities of the instrument a flat disk of silver 
foil only 0-075 mm thick and 2 cm diameter was tested in the 
equipment. A good clear resonance was obtained from which 
the mechanical quality factor Q,, could be derived. 

4.6 Discussion of results and conclusion. For a copper disk 
the calculated errors are 1 in 100000 for Young’s modulus 
and 2% for the mechanical quality factor Q. The real 
accuracy will depend on the possibility of obtaining specimens 
perfectly homogeneous in properties (see Sections 5 and 6) 
and on systematic errors such as that for the effect of the 
supports; the latter is thought to be very small, but could be 
evaluated approximately by replacing the existing triple jewel 
support by one with a wider separation of the jewels. The 
systematic errors arising from air damping can be, if necessary, 
evaiuated by testing in air and in a vacuum. The estimate in 
Section 3.3 is probably of the right order of magnitude. 


5. A NOTE ON THE PREPARATION AND CUTTING OF 
THE DISK SPECIMENS 


It should be recognized that great care is necessary when 
cutting materials like copper or considerable errors will 
result in the mechanical quality factor Q,,. If the investi- 
gation concerns texture, thorough annealing is often not 
permissible because of the great changes of texture which 
this may cause. As an example, a disk cut with some care 
had Q,, = 2000 but the normal annealing processes which 
proceed on copper even at room temperatures, permitted 
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the strains to be reduced in six months storage so that the 
factor Q,, rose to 3000. [Since this work was done, a method 
of cutting the discs by a spark erosion process has been 
devised by one of the authors (G.B.).] 


6. A NOTE ON THE EFFECT OF ANISOTROPY OF THE 
DISK 


Owing to the very great anisotropy of single copper crystals 
(their Young’s modulus can vary from 6-7 x 10!! to 19-0 x 
10!! dyncm~? according to direction of cut), a small 
departure from a random texture can cause serious elastic 
anisotropy. Although the instrument described will still yield 
clear, sharp resonances in the presence of considerable aniso- 
tropy in the plane of the disk so that the quality factor Q,, 
seems meaningful, the elastic constant then derived is not. 
However, for elastic anisotropy with circular symmetry about 
the normal to the disk, the instrument will yield useful 
information concerning the elasticity. 


7. THE EFFECT OF DEFECTS IN A DISK 


In Fig. 4, a loop about thirty times smaller than the main 
loop is seen. Experience seems to indicate that the presence 
of a small hole or defect in the disk is accompanied by a 
subsidiary loop of the type illustrated at efg; such a defect 
was visible in the specimen under test. 


ACKNOWLEDGEMENTS 


This work was carried out as part of the research programme 
of the National Physical Laboratory and is published by per- 
mission of the Director. One of the authors (F.A.L.) ack- 


nowledges the help of the British Council who provided a 


grant during most of the duration of the work. 


REFERENCES 


(1) BRADFIELD, G. N.P.L. Memo. No. PHYS/U8. (Lecture 
given at Elasticity Symposium at the National Physical 
Laboratory, 20 March, 1952.) 

(2) BRADFIELD, G. Acustica, 4 (1), pp. 171-181 (1954). 

(3) Hueter, T. F., and Bott, R. H. Sonics. 1st Ed., pp. 168, 
218 (London: Chapman and Hall Ltd., 1955). 

(4) Evison, F. F. Proc. Phys. Soc. [London] B, 64, pp. 311-22 
(1951). 

(5) Love, A. E. H. A Treatise on the Mathematical Theory 
of Elasticity, p. 498 (Cambridge: University Press, 1927. 
Reprinted New York: Dover Publications, 1944). 

(6) Campi, E. 
the First Kind to all Significant Orders (New York: 
Dover Publications, 1948). 

(7) BRADFIELD, G., and Pursey, H. Phil. Mag., 44, p. 437 
(1953). 

(8) BARRETT, C. S. Structure of Metals. 2nd Ed., p. 533 

(London: McGraw-Hill Publishing Co. Ltd., 1952). 


VoL. 9, JANUARY 1958 


11 and 15 Place Tables of Bessel Functions of 


jarlier work on the comparatively new polymer polytetra- 
‘uoroethylene (P.T.F.E.) demonstrated its inherently good 
‘ictional properties. Unfortunately the use of the bulk 
olymer as a bearing is limited by its low strength and poor 
1ermal conductivity. These difficulties may be largely over- 
yme by impregnating a substance of higher strength and 
ynductivity, usually phosphor-bronze, with the material, or 
(ternatively depositing thin films on to metal substrates. 
extensive investigation has been made using bearings 
irepared by the second method. 


"THE FRICTIONAL PROPERTIES OF THIN FILMS OF 
Piel CBE: 


_ The frictional properties of thin deposited films of P.T.F.E. 
n metals have been evaluated on three machines, the Bowden— 
‘eben machine,“) an extensively modified Wells machine) 
od a Shell four-ball machine.®) The films were deposited 
y brushing an aqueous suspensoid of P.T.F.E. on to the 
‘ean metal substrate, draining off the excess and drying in 
ir. The best films were produced with a suspension con- 
uning 6% solid by weight. A higher concentration resulted 
1 a tendency to “mud cracking” and peeling of the film. 
ilms for test on the Bowden—Leben machine were sintered 
\air at a temperature of 350° C, which is above the transition 
oint of the polymer. In the case of copper, rapid oxidation 
f the metal at this temperature, which tended to lead to 
reak-up of the film with a concentrated suspension, was 
vercome by heating the specimen to the required tem- 
erature in a bath of tetracresyl silicate followed by rapid 


Table 1. 


lo. of traversals of track 1 D 3 10 


oefficient of friction (uw) for test 0:06 0-05 0:04 0:04 0-06 0-07 0:07 0-10 O-11 


surface A 
oefficient of friction (4) for test 

surface B 
Test surface A: P.T.F.E. film sintered in air. 


0-04 


ooling in a second bath of the liquid. Tests on the Wells 
iachine and the four-ball machine showed that preliminary 
mtering of the film was unnecessary, since at the higher 
oeeds used the frictional heat was sufficient to cause sintering 
f the film. 

In the Bowden—Leben apparatus the friction is measured 
etween a lower plane surface moving at a slow uniform 
seed and a hemispherical slider pressed against it by a known 
yad. The temperature of the sliding surfaces can be raised 


* Now at Road Research Laboratories, Harmondsworth, 
fiddlesex. 
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The use of the polymer polytetrafluoroethylene (P.T.F.E.) in bulk form as a bearing is limited 
by its low strength and poor thermal conductivity. Experiments are described in which these 
| difficulties are overcome by the deposition of thin films of P.T.F.E. on to metal substrates. 

% _ Frictional tests under a variety of conditions show that tenacious films of low frictional coeffi- 
| cient and high load-carrying capacity can be prepared. These properties are considerably 
enhanced by using a surface phosphating treatment prior to application of the P.T.F.E. 


to a maximum of about 300° C. In the present investigation 
both sliding surfaces were of copper, the applied load 4 kg 
and the sliding speed 0-1 cm/s. 

The endurance of films sintered in air and in the tetracresyl 
silicate was assessed by making the slider traverse the same 
track several times the coefficient of friction being measured 
at intervals. The results are shown in Table 1. 

The effect of temperature was studied by measuring the 
coefficient of friction of test surface A whilst its temperature 
was raised to 300°C. Sliding was smooth throughout the 
test and the wear slight. The coefficient of friction rose from 
an initial value of 0-13 to 0:20 at 100° C when “‘stick slip” 
motion set in, and then remained constant at a value of 0-17 
up to 200° C. 

The essential parts of the modified Wells machine are the 
lower and upper friction surfaces. The lower friction member 
consists of a metallic disk mounted in a horizontal plane on a 
spindle which rotates at speeds up to 20 rev/min (corre- 
sponding to a sliding speed of 5cm/s). The upper friction 
member is a heavier metal disk, faced with three, equally 
spaced, raised, knife-edge sections, which bear on the lower 
rotating disk with a load of 3 kg. Both test specimens are 
cleaned so as to be completely free of grease before test. 
Comparative tests were made of two hours duration at a 
sliding speed of 5 cm/s between a deposited film of P.T.F-.E. 
and a film of an extreme pressure oil (specification OEP. 71 
to M.O.S. specification DED 2479/1). The bearing com- 
binations used were stainless steel sliding on stainless steel 
(B.S. specification S62), hard steel sliding on hard steel 
(B.S. specification S11) and copper sliding on copper (speci- 
fication B.S. 1433). Continuous records were made of the 


Endurance characteristics of sintered P.T.F.E. films 


400 500 750 1000 
0:14 0-09 0:12 0-13 


20 50*2 7 100; 200; 300 


0-05 0-11 


Test surface B: P.T.F.E. film sintered in tetracresyl silicate. 


coefficient of friction. At the conclusion of the test, both 
surfaces were examined under the microscope and a surface 
profile obtained from two separate portions of the wear 
track on the lower surface. This specimen was also photo- 
graphed using a Vickers projection microscope at a magni- 
fication of x 500 by the Tolansky multi-profile technique. 
Fig. 1 shows the multi-profile photographs of wear tracks on 
copper for the two lubricants. The black lines follow the 
surface contours of the specimen, valleys and hills being 
indicated by deviations to the right and left respectively. 
The magnification in depth is «1000. Frictional results of 
these tests are summarized in Table 2. 
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Table 2. Frictional properties of air-dried films of P.T.F.E. and an extreme pressure lubricating oil (OEP7\) 


Coefficient 


Metal Combination Lubricant of friction (w) Type of motion PEE ? J 
‘Hard steel/hard steel P.T.F.E. 0-08 Initially smooth. Signs of Polished. Discontinuous 
breakdown after 30 min film JPoT ake: Slight 
brown discoloration 
Stainless steel/stainless steel PE Bib 0:07 Initially smooth. Signs of | Similar to above with slight 
ie breakdown after 45 min wear of metal 
Copper/copper P2DF-E: 0-10 + 0-13 Smoothrunning throughout Polished. Film patchy, 
slightly discoloured. A 
few faint wear lines. Scuf- 
fing at isolated points 
Hard steel/hard steel OEP 71 0:15-+ 0:05 Motion slightly irregular Wear resistance good | 
Stainless steel/stainless steel OEP 71 0-10 0:05 Motion slightly irregular Wear resistance good 
Copper/copper OEP 71 0:15-+0-:07 Motion slightly irregular Wear moderate 


All tests carried out for 2 h, load 3 kg. 


Table 3. Frictional properties of air-dried P.T.F.E. films on various metals 


Metal Speed Coefficient of 
combination (cm/s) Sriction (2) 
Aluminium/aluminium 0-26 >0-30 


Phosphor-bronze/phosphor-bronze 5 0:15-0:20 


Naval brass/naval brass 5 0-10 
| filed steel/phosphor-bronze 5 0-10 
Stainless steel/naval brass 5 0-08 
Hard steel/phosphor-bronze 5 0-10 
Hard steel/naval brass 5 0-08 


Type of 
motion Endurance Wear resistance 
Stick slip Almost immediate seizure 


Tendency to stick slip >90min Good Slight polishing 


Slight tendency to stick >90min Good Polishing 
slip 


Smooth >90 min Good Polishing 

Smooth >90 min Good Brown patches on 
P.T.F.E. film 

Smooth >90min Good Dark patches on 
P.T.F.E. film 

Slightly irregular >90 min Good. P.T.F.E. film brown- 


ish colour in patches 


Load in all tests 3 kg. 


Table 4. Frictional properties of air-dried P.T.F.E. films on treated surfaces 


Metal combination Surface treatment Coefficient of friction Motion Wear resistance 

Hard steel/hard steel Phosphated >0:5 Immediate seizure 

Hard steel/hard steel Phosphated, plus P.T.F.E. 0-10 Smooth Very good 
film ; 

Hard steel/hard steel Phosphated* plus P.T.F.E. 0:10-0:15 Slightly irregular towards Very good 
film end of test 

Stainless steel/stainless steel Polymerized silicone SSeS) . Immediate seizure 

Stainless steel/stainless steel Polymerized silicone, plus 0-10 Smooth Good 
P.T.F.E. film 

Hard steel/hard steel Polymerized silicone, plus 0-10 Slightly irregular Good 
P.T.F.E. film 

Copper/copper Polymerized silicone, plus 0-10 Smooth Good 
PoE Etim 


* Test of 8 h duration. 
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In a second series of tests, air-dried films of P.T.F.E. on 
zaded brass, phosphor-bronze and aluminium were run 
inder similar conditions, the tests being terminated after 
unety minutes (Table 3). Experiments were also made using 
ower specimens which had been phosphated before appli- 
ation of the P.T.F.E. Results of two tests, one run for two 
nd the other for eight hours, are given in Table 4. 

_ Table 4 also contains some interesting results which were 
ybtained when the phosphates film was replaced by a film 
polymerized silicone. Silicone fluid was brushed on to the 
Jean metal surface, which was maintained at a sufficiently 
ugh temperature until polymerization occurred, when a 
ough tenacious film was obtained. The P.T.F.E. was 
pplied in the same way as before. 

_ In the Shell four-ball machine a 4 in. diameter steel bearing 
yall is rotated at a speed of 1500 rev/min on three similar 
yalls rigidly clamped in a cup filled with the lubricant under 
est. Normal loads up to 800 kg can be applied through a 
ever system. An average value of the diameters of the 


Table 5. Mean Hertz load for various lubricants 
Lubricant Mean Hertz load (kg) 
FP. T.P.E. dry 67 
P.T.F.E. dry on phosphated 61 
P= balls 
) ‘Phosphated balls, dry 32 
- Mineral oil (OM62)_ 28 
: Mineral oil (OM62) on phos- 67 
| phated balls 
P.T.F.E. plus mineral oil 67 
— (OM62) 
| P.T.F.E. plus mineral oil 13 
(OM62) on _ phosphated 
balls 


diameter (mm) 


Wear scar 


400 
Load (KG) 


200 600 800 


Fig. 2. Curves of relationship between wear scar dia- 
meter after ten seconds and load on the Shell four-ball 
machine for various lubricants 
Curve (a) mineral oil; (b) extreme pressure oil; (c) phosphated 
surfaces (dry); (d) P.T.F.E. on phosphated surfaces (dry), 
-(e) phosphated surfaces plus mineral oil; (/) P.T.F.E. on phos- 


phated surfaces plus mineral oil; (g) P.T.F.E. dry; (4), Hertz 
diameter. 
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resulting wear scars on the lower balls is taken as a measure 
of the effectiveness of the lubricant. Mean Hertz load®) 
determinations were made for: (1) P.T.F.E. dry; (2) P.T.F.E. 
dry on phosphated balls; (3) phosphated balls, dry; (4) P.T.F.E. 
with a plain mineral oil; (5) the plain mineral oil alone; 
(6) phosphated balls with a plain mineral oil; (7) P.T.F.E. on 
phosphated balls with a plain mineral oil. These values are 
tabulated in Table 5 and the wear-scar diameter after the 
ten seconds run plotted against load in Fig. 2. 

The ten seconds run used in determining the mean Hertz 
load may be of value as a measure of the anti-seize properties 
of a lubricant, but is of very little aid in assessing its endurance. 
Hence wear scar diameters and coefficients of friction were 
measured for a range of lubricants after running for (a) 30 min 
under a load of 40 kg; (6) 30 min under a load of 100 kg; 
(c) 15 min under a load of 300 kg. Tests were made on both 
phosphated and unphosphated balls (Tables 6, 7). Figs. 3(a) 
and (b) show the four balls after the 300 kg test, using an 
extreme pressure mineral oil as lubricant with and without 
P.T.F.E. In the case where the oil was used alone there was 
almost immediate seizure between the upper ball and the 
three lower ones. 


DISCUSSION OF RESULTS 


Although the conditions of test on the Bowden—Leben 
machine do not simulate normal practice, the results indicate 
that: 


(1) a tenacious and enduring film of P.T.F.E. can be 
obtained on copper if the film is prepared from a latex of 
suitable concentration; 

(2) the slight copper oxidation obtained on sintering in air 
has no harmful effect on the lubricating ability of the film; 

(3) effective lubrication is obtained up to temperatures of 
80023 

(4) the coefficient of friction decreases with increasing 
temperature up to 300° C. 


The wear process for surfaces lubricated with an oil or 
grease under boundary conditions in a mechanism such as 
the Wells machine is rather different from that for a solid 
lubricant. In the former case metal-to-metal contact occurs 
to a higher or lower degree during the whole time of sliding. 
With a solid lubricant on a metal substrate, no wear of the 
metal occurs until the lubricant breaks down. The results 
for steel confirm this, but an anomalous result was obtained 
with copper. In this case the amount of wear was com- 
paratively large, although the coefficient of friction curve 
remained smooth. Microscopic examination of lower sur- 
faces of copper and copper bearing alloys, particularly after 
running with steel as a mating surface, showed fragments and 
smeared patches of bright yellow metal adhering to the under- 
side of the P.T.F.E. film which had been pushed to the inside 
and outside edges of the track (Fig. 4). This rather puzzling 
observation (see also Rabinowitz and Shooter) is an 
extreme example of the ‘“‘pick-up”’ of a hard material by a 
softer one and may be compared with the “‘pick-up”’ of steel 
by copper as observed by Bowden, Moore and Tabor.” 

As can be seen from Table 3, effective lubrication was 
obtained under the conditions of test for all the bearing 
combinations used, with the exception of aluminium, in 
which case almost immediate seizure resulted. When 
P.T.F.E. was applied to an aluminium specimen phosphated 
electrolytically, a bearing surface of comparatively long life 
was obtained. Table 4 shows the advantage of surface treat- 
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Table 6. Four-ball machine endurance tests. 


Wear scar diameter (mm) 


Plain steel bearing balls 


Coefficient of friction 


30’ at 40 kg 30’ at 100 kg 15’ at 300 kg 
Lubricant yen ans 500 ke 4 2 U1 2 Wy U2 
OEP 71 0:53 2-44 WwW 0212-0412 021425, 0715 ee a= 
OEP 71 + P.T.F.E. 0:51 1:03 ~~ 2-00 0:09: 0-12 * 0:10 0-11. - 0-13" Orie 
OM 62 0-54 2:65 WwW Os 12-220: 12-0 On 4 ae =e 
OM 62 + P.T.F.E. 0:55 1°47 WwW O89 25-2012 e012 Head = = 
Liquid paraffin 0-52 3-84* WwW 0-12 0-12 0°45 = = — 
Liquid paraffin + P.T.F.E. 0-60 1:03 W 0:12 0:12 0:13 0-12 — — 
Silicone (DC200/20) 2:12 3-28+ Ww 0:30 0-40 0:42 = = —\, 
Silicone + P.T.F.E. 2-08 3-48+ WwW 0:25 0:40 0:38 os — -- 
DTD 577 grease 0:54 2-06 WwW 0: 12" "0 130'" 0-12. 0207 iad — 
DTD 577 + P.T.F.E. 0-60 1-20 Ww 0:18 0°50 @'-20:07 <2 0-10 eS = 
DTD 825 grease 0-66 WwW W 0212-7 30:12 = — — -—— 
DTD 825 + P.T.F.E. 0:70 1:96 2:84 0-12 0°12 S. 0°09" = 50:10: 0°19 5 Osim 


* test stopped after 2 min. 
} test stopped after 7 min. 


144, coefficient of friction 30s after beginning of test. 
M2, coefficient of friction 30s before end of test. 


OEP 71, mineral oil containing an extreme pressure additive. 
OM 62, plain mineral oil. 

DTD 577, petroleum base grease. 

DTD 825, synthetic base grease. 

W, welded immediately or during test. 


Table 7. Four-ball machine. Endurance tests. Phosphated steel bearing balls 
Wear scar diameter (mm) Coefficient of friction 

30’ at 40 kg 30’ at 100 kg 15’ at 300 kg 

Lubricant Te tes 500 be Uy U2 Uy U2 U1 2 
OEP 71 1-24 1-64 2°48 0-06 0-06 0:14 0-15 0-12 0-15 
OEP Ie ab. LF .B. 0-96 1-24 1-96 0-05 0:05 0:12 0-14 0-14 0-13 
OM 62 1-16 1-20 1:60 0-07 0:07 0:14 0-11 0-09 0-09 
OM. '62'-- P.T.F.E. 0:96 1-20 1-40 0-09 0-09 0:13 0-12 0-10 0-10 
Liquid paraffin 1-04 1:36 W 0-08 0:05 0-16 0-12 — — 
Liquid paraffin + P.T.F.E. 0:84 Tesi} 1-40 0-05 0-05 0-15 0-10 0-12 0-09 
DTD 577 0:96 1-60 W 0:07 0:07 0:14 0-11 — — 
DTD 7a Pil BE: 1-08 1-56 W 0-06 0:06 0-12 0-10 — — 
DTD 825 1-28 132 W 0:05 0-05 0-10 0-08 — — 
DTD 325) += Polk. 1-20 1-40 W 0-05 0-05 0-09 0:08 — — 


ment before application of the polymer. One of the phos- 
phated steel surfaces was run for eight hours without any 
breakdown of the P.T.F.E. film. 

Referring to Fig. 2, curve (a) is characteristic of mineral 
oils and other liquid lubricants. The initial part of the curve 
lies either on, or near to, the curve of the Hertz diameter, 
which is the diameter of the area of contact between upper 
and lower balls under the static applied load. At the point of 
incipient seizure the curve rises almost vertically and then 
lines parallel to the initial part when the lubricant film is 
re-established. A further slight increase in slope indicates 
the approach of the “‘weld load.’’ The relationship between 
Hertz diameter and load is a cubic one, so that the curve 
becomes linear when plotted on a log-log scale. A mineral 
oil containing an extreme pressure additive will have a 
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higher incipient seizure point than a plain mineral oil and 
also a higher weld load. 

As one would expect, a solid lubricant has a different 
characteristic curve. It is found to have an S-shape both in 
the presence and absence of oils. This latter fact would 
suggest that the oil mainly acts as a coolant in conducting 
heat away from the bearing surfaces. 

At low loads the wear-scar diameter is higher for the solid 
lubricant than for the oil. In the case of P.T.F.E. on 
phosphated steel with a mineral oil, no welding occurred at 
a load of 800 kg, which is the maximum obtained on the 
machine. 

The results of the endurance tests, in which effective 
lubrication was obtained at 100 kg even with paraffin (which 
has a poor load-carrying capacity), illustrate the excellent 
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(a) 


| 
| 


(b) 


Fig. 1. Photomicrographs of wear tracks on copper lubricated with (a) an extreme pressure oil 
O.E.P. 71, and (6) P.T.F.E. 500 laterally, 1000 in depth 
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LONE INCH! 


jONE INCH Wes 4s 


Fig. 3. Comparison of 
wear scars obtained after 
an endurance test on the 
Shell four-ball machine 
with an extreme pressure 
oil, (a) alone, load 300 kg, 
immediate seizure; and 
(b) in conjunction with 
PYL.FE., load 300 kg; 
after 15 min. 


Fig. 4. Photomicro- 
graph of copper ‘“‘pick- 
ui? OM IP IIEE, alban 
stripped from edge of 
wear track on copper 
substrate 


Film taken from specimen 
illustrated in Fig. 1 (4) 
x 100 
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By R. B. NicHotson, B.A., G. THomas, B.Sc., Ph.D., and J. NutTING, M.A., Bisc., Ph.D: 


See pages 25-27 


Fig. 1. Grain boundary in pure aluminium. Thin foil (x25 000) 


Zs 


i < St 


Fig. 2. Al4% Cu alloy solution treated and subse- Fig. 3. AlL4% Cu alloy solution treated and subse- 
quently aged for +h at 340°C. Thin foil ( x 2000) quently aged for three days at 160° C (peak hardness) 
showing bands of preferential precipitation of 9’ phase. 

Thin foil (3500) 
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Fig. 4. Same specimen as Fig. 3 but showing fine precipitates of G.P. 
[2] zones. Thin foil (<x 80000) - 


Fig. 5. Complex Al-Mg-Zn-Cu alloy solution treated Fig. 6. As Fig. 5, but showing precipitated particles not 


and subsequently aged for ten days at 160°C. Oxide revealed by the oxide replica. Thin foil (40 000) 
replica ( < 40000) 
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iti-seize properties of P.T.F.E. and confirm that the main 
le of the oil is that of coolant. The silicone fluids in con- 
ction with P.T.F.E. fail as lubricants. The P.T.F.E. film 
porous when applied and it appears that the silicone fluid 
enetrates the pores and displaces the P.T.F.E. from the 
irface. Evidence obtained on the Wells machine indicates 
lat silicones will produce a decrease in the coefficient of 
iction of non-porous P.T.F.E. films. 


BE USE OF P.T.F.E.' AS A. GELATOR IN GREASE 


Because of its thermal and chemical stability, it seemed 
orth while to explore the possibilities of using P.T.F.E. as a 
lling agent in the preparation of high temperature greases. 
he silicone fluids have many of the desirable properties of a 
ood high temperature lubricant, i.e. little change in viscosity 
ith temperature and good temperature stability. It was 
oped that by gelling these fluids with P.T.F.E., a grease 
ombining these desirable characteristics with the good 
oundary lubricating properties of the P.T.F.E. would be 
roduced. 

The method employed was to heat the fluid to a temperature 
f a little over 100° C, effective agitation of the liquid being 
laintained by an electric stirrer. A small quantity of the 
iluted suspensoid of the polymer was then added and the 
yurce of heat removed. Stirring was continued until gelation 
ccurred. By this means grease with a fibrous structure was 
btained. Boundary lubrication tests on the Wells machine 
ere disappointing. This may be attributed to the stronger 
ffinity of the silicone constituent for the metal substrate, 
us preventing the adhesion of the P.T.F.E. Greases were 
lso prepared from fluorocarbon oils by this technique, the 
oundary lubricating properties of which were satisfactory. 
- was thought that these might be used for high temperature 
pplications, but the idea was abandoned when it was found 
Jat the volatility of fluorocarbons was much higher than 
‘ould be anticipated from their high boiling points (see, 
owever, Ref. 8). 


APPLICATION OF OP. TSF. E. IN THESEIELD- OF 
LUBRICATION 


At the present time cost alone would preclude the use of 
P.T.F.E. from applications where the more conventional oils 
and greases are adequate. However, it should be of value 
as a safeguard against seizure when extreme conditions 
prevail and the normal type of lubricant would break down. 
Other applications where P.T.F.E. might prove: of value are: 


(1) where components are required to function without 
relubrication after long periods of storage; 

(2) where use of a grease or oil would attract abrasive dust; 

(3) where temperatures are very high or very low; 

(4) under reduced atmospheric pressures where oils or 
greases would be too volatile; 

(5) in the presence of acids or other corrosive media; 

(6) in watches and other clockwork mechanisms, where 
oils and greases creep away from the bearings and, in parti- 
cular, those required to work over a wide temperature range; 

(7) under tropical conditions where high humidity produces 
an increased tendency for corrosion. 
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A technique for obtaining thin foils of aluminium and aluminium 
alloys for transmission electron metallography 


By R. B. NicHorson, B.A., G. THomas, B.Sc., Ph.D., and J. Nuttinc, M.A., B.Sc., Ph.D., Department 
of Metallurgy, University of Cambridge 


[Paper first received 24 June, and in final form | September, 1957] 


The structural changes produced by ageing aluminium—copper and aluminium—magnesium—zinc— 

copper alloys have been investigated by examining foils of these alloys in the electron microscope. 

The foils have been obtained by mechanical reduction in thickness followed by controlled electro- 
polishing and chemical dissolution of the remaining oxide film. 


INTRODUCTION 


fare are many advantages to be gained from the direct 
amination in the transmission electron microscope of thin 
etal specimens, rather than replicas of metal surfaces, but 
ntil recently no satisfactory methods were available for 
btaining specimens 100-500A thick. Although Heiden- 
ich“ obtained thin aluminium foils in 1949, the first out- 
anding advance was made by Castaing®) who bombarded 
uminium and aluminium-—copper alloys with ionized air at 
potential of 3 kV thereby reducing the specimen thickness 
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from 100 yz to 200A in 24 hours. The surfaces obtained by 
ionic bombardment are clean and free from oxide layers 
whilst uniformly thin specimens may be produced. Hirsch, 
Horne and Whelan®) have used a method of chemical solution 
for obtaining thin foils of aluminium and an electropolishing 
technique has been used by Bollmann™ for preparing stainless 
steel. 

The chief disadvantage of using chemical thinning methods 
for alloys containing precipitated phases is that chemical 
attack occurs preferentially at either the matrix or the pre- 
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cipitated phases; thus with aluminium alloys, chemical 
solution, e.g. 1 °% hydrofluoric acid, invariably leaches out the 
second phases so that the resulting thin films are not satis- 
factory for electron microscopy. The present technique of 
thinning by controlled electro-polishing has been devised to 
overcome these difficulties. 


EXPERIMENTAL METHOD 


The technique for preparing thin foils of aluminium and 
aluminium alloys involves the following sequence of 
operations: 


(1) Primary reduction to a thickness of about 0-025 mm 
is carried out by cold rolling or other mechanical treatments 
such as grinding. 

(2) The foil is heat treated. This may be either annealing 
or solution treatment and ageing. 

(3) A short electro-polish of the whole sample is carried 
out in a standard perchloric acid—ethyl alcohol bath. 

(4) A small area of the specimen is electro-polished in a 
solution devised by Lenoir until holes appear. 

(5) The polished sample is immersed in phospho-chromic 
acid solution to dissolve away any oxides. 

(6) The sample is washed in distilled water and regions 
adjacent to the holes cut into 2 mm? specimens suitable for 
mounting and subsequent examination in the electron 
microscope. 


If the primary reduction in thickness is to be carried out 
by rolling it is convenient to start with strips about 10 « 2 cm. 
These can readily be reduced to a thickness of less than 
0-025 mm without an intermediate anneal in the case of 
aluminium, but for aluminium alloys intermediate solution 
heat treatment followed by quenching may be necessary. 

At this stage the aluminium is annealed at 600° C for 1h 
to remove the effects of cold work. The aluminium alloys 
are heated to a temperature at which all the components are 
taken into solid solution (solution treated), quenched to 
produce a supersaturated solid solution and then aged to 
bring about precipitation of the secondary phases. It is 
better to carry out the heat treatment of the alloys at this 
stage as the results obtained are then representative of bulk 
material, for it has been found that very thin sections age 
more slowly than thick sections. Furthermore, any oxide 
layers produced during heat treatment can be removed before 
the final thinning. The oxide removal is accomplished by a 
short electro-polish of the whole specimen using a standard 
technique which also cleans the surface. 

The edges and other parts of the specimen are covered with 
polystyrene deposited from a solution in benzene to leave 
areas of about 1 cm? centrally situated on both sides of the 
specimen. These areas are completely immersed in Lenoir’s 
solution (817 cm? orthophosphoric acid (d 1-57), 134 cm? 
sulphuric acid, 156g chromic oxide, 40cm? water) and a 
slow controlled electro-polishing is carried out at a potential 
of 10-12 V and a current of 0:1 A, the bath temperature is 
maintained at 70°C. Depending upon the thickness of the 
specimen and the alloy composition holes appear in the 
polished area after 5-30 min. The regions adjacent to these 
holes are then suitable for examination in the electron 
microscope. 

The specimen is removed from the electro-polishing bath 
and washed carefully in distilled water. It is then immersed 
in cold phospho-chromic acid solution (350cm?  ortho- 
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phosphoric acid (d 1-71), 160 g chromic oxide, 650 cm? water) 
for 10-15 min to dissolve any oxide layers and again is 
washed in distilled water. Samples suitable for examination 
in the electron microscope are then cut from the regions 
adjacent to the holes. The samples should be about 1-2 mm? 
and are caught on copper mounting grids which previously 
have been coated with a layer of polybutene deposited froma 
1°% solution in xylol, to make them sticky. 
With the more complex aluminium alloys, many inter- 
mediate solution treatments may be required to obtain thin 
sections by cold rolling. Thicker sections may be used there- 
fore and the thinning by dissolution in the ethyl alcohol- 
perchloric acid bath is continued for a longer period until 
holes appear in the specimen. The final thinning is then 
continued as before in Lenoir’s solution. With aluminium— 
copper alloys it is better to avoid if possible any polishing 
in the perchloric acid-ethyl alcohol bath, as this leaves a 
deposit of copper on the specimen surface which, although 
it may be removed by treatment of the specimen in concen- 
trated nitric acid or ammonia, leaves the surface in an unsatis- 
factory condition for subsequent treatment. The Lenoir 
solution leaves no copper deposit on the alloys after thinning. 


RESULTS 


The results to be described have been obtained by examining 
thin foils of aluminium and aluminium alloys in the Siemens 
electron microscope (type Elmiskop 1) operated at a beam 
voltage of 80 kV. 

A grain boundary in pure aluminium is shown in Fig. 1. 
The black lines running to the boundary are extinction contours 
and the structure within the grains results from the electro- 
polishing. The micrograph is essentially similar to those 
shown by Hirsch, Horne and Whelan,‘ but as the specimen 
has been annealed at a higher temperature and has had 
initially a much smaller amount of deformation, the dis- 
location density is low and dislocation movements are only 
infrequently observed. 

The precipitates obtained by ageing an aluminium—4% 
copper alloy at 340° C for + hour are shown in Fig. 2. The 
particles within the grains and lying parallel to the surface 
of the section are seen to be dise shaped whilst the particles 
perpendicular to the section surface appear as needles but 
with enhanced contrast. If the alloy is aged at a lower tem- 
perature the 6’ phase (metastable CuAl,) is precipitated 
preferentially on dislocations to give the structure shown in 
Fig. 3. Similar structures have been observed by Thomas 
and Nutting) when examining oxide replicas from this 
alloy. The light areas around the large particles of the 0 
phase result from denudation of the matrix with respect tc 
copper. Both Figs. 2 and 3 illustrate the fact that usefu 
metallurgical information may be obtained by examining thir 
foils at relatively low magnifications. In the regions betweer 
the bands of large 0’ precipitates, there is a much fine 
precipitate, the structure of which is shown in Fig. 4. Thi 
corresponds to the formation of Guinier—Preston zones / 
(G.P. [2]) in the matrix. The width of some of these zone 
is as smali as 15 A—i.e. about four lattice spacings, whils 
the 0’ precipitates in the same specimen have a thickness 0 
100-200 A. The light regions in the background are probabh 
due to electro-polishing. 

The microstructures revealed by oxide replicas and thii 
foils may not be the same, since the origins of contrast in th 
electron optical images are different. This difference it 
microstructure is clearly shown in Figs. 5 and 6 which ar 
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nicrographs of an oxide replica and a thin foil taken from a 
pecimen of a complex aluminium—magnesium—zinc—copper 
Iloy after solution heat treatment and ageing. With an 
xide replica the contrast in the image can result from 
lifferences in oxide film thickness which are in turn related 
oO differences in rates of oxidation of the matrix and precipi- 
ated phases. The contrast obtained when examining thin 
oils of alloys containing precipitated phases depends chiefly 
ipon the relative scattering powers of the atomic species 
orming the matrix and the precipitates. In the aluminium— 
nagnesium—zinc-copper alloy the precipitated phase, which 
s thought to be zinc rich, does not oxidize at a rate different 
rom the matrix; there is therefore no clear evidence of 
recipitates in Fig. 5. But in Fig. 6 the precipitates are 
learly observed as a result of the enhanced scattering from 
he zinc rich areas. 
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An overall test of equations of state of fluids 
By N. Davy, D.Sc., and BARBARA M. BeLL, M.Sc., Grad.Inst.P., Physics Department, University of Nottingham 


[Paper received 1 May, 1957] 


An equation of state of a fluid can usually be expressed in the form /,(V, 7) =P. When the 
reduced form of the equation exists, it may be expressed as /,(v, t) = p, where p, v, and f are 
the reduced values of P, V and T. Since the critical volume cannot be measured with precision, 
the recent fashion is to use, instead of v, the accurately obtainable pseudo-reduced volume d, 
leading to a reduced equation FP, t)=p. It is now suggested that a calculation and plot of 
the quantity Y = 100[f3(¢, #)/p -- 1] against X = p (¢ constant) or X = ¢ (p constant), using 
experimental values of p, $, and ¢ for some real fluid, will reveal in a quantitative manner the 
discrepancy between the experimental behaviour of that fluid, and of .a fluid obeying the 


particular equation of state under consideration. 


A set of graphs at various constant tem- 


peratures or pressures may be drawn. 


TEST OF VAN DER WAALS’ EQUATION 


he symbols P, V and T are here used for ordinary pressures, 
olumes and absolute temperatures, and p, v and ¢ for their 
educed values. Van der Waals’ equation is 


(P + alV?)(V — b) = RMT|W = KT (1) 


here R is the universal gas constant, M the mass, and W the 
10lecular weight, and K = RM/W. The usual reduced form 


(p + 3/v?)Gv — 1) = 8t (2) 


‘ecognizing that the critical volume cannot be measured 
ccurately, authors such as Su“) and Ghosh have used, 
istead of v, the quantity 


is called the pseudo-reduced volume. Hence 
V=V{V,= RTPIPV, (4) 


ubstituting this quantity in equation (2) and re-arranging, 
e get 
8t/(8h — 1) — 27/644? = p (5) 


; the reduced equation. Noting that the left-hand side is a 
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function of ¢ and ¢ only, it is now proposed to calculate and 
use the quantity 


yee 100 [srs =) o76Aget = \ 6) 


If van der Waals’ equation is true, the left-hand side of 
equation (5) should equal p, and Y should equal zero. If in 
the expression for Y we substitute experimental values of p, 
tand ¢, the numerical result will not usually equal zero. We 
may regard Y as the percentage excess of the quantity 
8t/(8h — 1) — 27/647, with experimental values of ¢ and d 
substituted in it, over the experimental value of p. 

Experimental data are available as sets of values of P and 
V, each set being measured at some constant value of T. 
From one of these sets we calculate values of p, ¢ and ft, and 
Y. Then plot a graph of this value of Y against X = p. 
Such a graph is an isothermal, and similar isothermals are 
plotted for other available temperatures. Obedience to 
van der Waals’ equation would be indicated by the coin- 
cidence of a graph, at any temperature, with the axis of X. 
This does not occur, but the ordinates of any graph, i.e. the 
values of Y, give at a glance a quantitative measure of the 
discrepancy between the real fluid under consideration, and a 
van der Waals’ substance. 

In this paper the fluid considered is carbon dioxide, and 
the experimental data include those of Amagat,@) Michels 
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and others,(4:5) and MacCormack and Schneider. It has 
been thought sufficient to exhibit four diagrams, Figs. | to 4, 
corresponding to the four reduced temperatures ¢ = 1-000, 
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Fig. 1. Isothermals of carbon dioxide at. the critical 
temperature ¢ = 1-000 (31-04° C = 304-20° K) 
A, perfect gas; B, Berthelot; C, Dalton; D, Dieterici; 
D, = Porter; E, Wohl; F, Su-Chang; G, Beattie-Bridgeman; 
H, Lees; J, van der Waals. 


1-226, 1-549 and 1-746, respectively, and in each case the 
range of pressure is 0 < p < 10. 

Values of that quantity which correspond to the above 
value of Y, predicted by nine other equations of state, are 
plotted as ordinates on Figs. 1 to 4, so that their claims can 


{OO 


60 
S 
2 
2 20 
2 
a 
SO 
8 
= —20 
oO 
5 ol 
8 60 
a 
ciated 2 4 6 8 le) 
Reduced pressure (p) 
Fig. 2. Isothermals of carbon dioxide at t = 1-227 


(100° C = 373+16° K) 


be compared directly and quantitatively. 
point of view, the quantity plotted is 


Y = 100[f(4, 1) — p]/p 


From a general 


(7) 
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against X =p; f(¢, #) is that function of ¢ and t which, 
according to a particular equation of state, should equal p. 
Such values of Y, for the other nine equations of state, are 
given below. 


TESTS OF NINE OTHER EQUATIONS OF STATE 
(Figs. 1-4) 


Berthelot equation. To test the Berthelot equation 


(P + afV?T)\(V — b) = KT (8) 
plot Fes 100 [82/(8 — 1) — 27/6464] — i} (9) 
against X = p. 
(ele) 


fon 
O 


O 


Percentage excess pressure (Y) 


Reduced pressure (p) 


Fig. 3. Isothermals of carbon dioxide at ¢ = 1-549 — 


(198° C = 471:16° K) 


Dalton equation. To test the Dalton equation 


{P + aexp [B(T, — T)/V24(V —b) = KT (0) 


plot 
y= 100({81/(8¢ —1) — [27 exp (1 —)]/64¢?} — 1) (11) 
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Fig. 4. Isothermals of carbon dioxide at rt = 1-746 


(258° C = 531-16 °K) 


Dieterici equation. To test Dieterici’s equation 


P(V — b) = KT exp (—a/KTV) (12) 


Y = 100{ [1 exp (—0-5414/¢1)]/[p(f — 0-135)] — i} (13) 
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Porter—Dieterici equation. To test Porter’s modification of 


Yieterici’s equation 


P(V — b) = KT exp (—a/KT93V) (14) 

lot 
Vie 100 [¢ exp (—0:5414/15/3)]/[p(d —0-135)] — i} (15) 

Wohl equation. To test Wohl’s equation 

P=KT/V — b) — al VV — b) el V? (16) 

lot 

i 100 BITC) —0-0667) — 96/2254(¢ — 0-0667) + 

F + 256/3375¢3] — 1 (17) 


Su and Chang equation. To test Su and Chang’s equation, 
vhich is commonly quoted in the reduced form 


p =t[¢ + 0-160(1 + 0:190/¢)]/62 — 0-472/¢? (18) 

lot 
e= 100{1[¢ + 0-160(1 + 0:190/¢)]/p¢? — 0-472/pd? — 1} 
(19) 


Beattie-Bridgeman equation. Yo test the Beattie—Bridge- 


nan equation (reduced) 


p =t(1 — 0:050/dr3)[¢ + 0-18764(1 — 0-03833/¢)]/d? 
— 0:4758(L — 0-1127/¢)/? (20) 
slot 


¥ = 100{1(1 —0-050/f23)[¢ + 0: 18764(1 —0-03833/4)]/p¢? 
— 0-4758(1 — 0-1127/f)/pd2 — 1} (21) 


Lees equation. To test Lees’ equation 


(P + aP!3/TV3B)\(V — b) = KT (22) 


1ote that on account of the presence of the factor P!/3 in one 
erm, we are compelled to express p as a function of f¢, d 
nd p:p itself. Assume this to be reasonable and plot 


Y = 100{15¢/[p(15 — 1)] — 45/3/155/3 72/32 5/3 — 1} (23) 
Perfect gas equation. To test the equation of state of a 
rerfect gas 


PV|MT = R/W (24) 


1ote that this equation does not envisage a critical state, and 
lot 


Y = 100(RMT/PVW — 1) (25) 


In this case, for the isothermal at the critical temperature, 
= 1, (31:04° ©), we put T = 304-20 and substitute the 
‘arious values of P and V obtained by Michels and co- 
vorkers at that temperature, up to values of P = 730 atm., 
1= 10. Plot X = pas in all the other cases. 


COMMENTS ON THE GRAPHS 


All four diagrams are drawn on the same scale. In passing 
rom Fig. 1 to Fig. 4 the temperature is rising from tf = 1-00 
o t = 1-746, and it is seen that the sheaf of graphs gradually 
Joses in towards the X-axis. On the whole, the equations 
re obeyed more closely by carbon dioxide at higher tem- 
yeratures than at low ones. 

Graphs for t = 1-000, the critical temperature, i.e. 31-04° C 
yr T = 304-20° K are shown in Fig. 1. In the perfect gas 
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equation test, the value of Y starts at zero when p = 0, 
and rises to a high positive maximum excess of 386°% when 
p = 1-115, later falling through zero to negative values, i.e. 
carbon dioxide is transitorily a true perfect gas when rf = 1 
and p = 8 approximately (P = 584atm). May not this 
effect be due to the gradual decrease of average distance 
from centre to centre of two molecules, as the pressure is 
increased, so that at a certain stage the attraction between 
two molecules changes to a repulsion? An elementary cal- 
culation gives the cube root of the average volume occupied 
by a molecule of carbon dioxide when ¢ = I, p = 8,6 = 0-123 
as 1-91 x 1078 cm. 

All the other graphs pass through the point X = p = 1, 
Y=0. Since t=1, the van der Waals, Berthelot and 
Dalton graphs coincide. The Dieterici and the Porter— 
Dieterici graphs also coincide with each other. Fig. 1 there- 
fore shows the perfect gas equation graph and six others, 
and all the six have a cusp at ¥ = p = 1, Y =0. This cusp 
would seem to be due to a transition from liquid to gas, and 
suggests that the temperature taken as ¢ = | was actually 
very slightly below the critical point. It is hard to see how a 
single gas or vapour phase would exhibit the abrupt change of 
density implied by the cusp. 

The positive value of Y in the case of the perfect gas equa- 
tion suggests that the equations of van der Waals, Berthelot, 
Dalton and Beattie-Bridgeman, when 1 <p< 6:5, for 
which Y is also positive, do not contain terms allowing 
sufficiently for attractions between molecules. The equations 
of Lees and Wohl perhaps allow too much for such attractions, 
i.e. contain terms representing attractions which are too large, 
or terms representing repulsions which are too small. The 
Dieterici and Porter—Dieterici graphs behave like those of 
Lees and Wohl at first, but at about p = 2-9 begin to give 
increasing positive values of Y, going to infinity, like those 
of van der Waals. The graphs which do this reappear for 
higher values of p, with infinite negative values of Y; Y then 
comes up from —©O towards zero, but the points are mostly 
outside the range of the figures. 

Inspection of Fig. 1 shows that when ¢ = 1-000 and when 
0 < p <1, the Beattie-Bridgeman equation fits best. From 
| << p < 2-15 the Su-Chang equation, from 2:15 < p < 3-4 
the Dieterici equation, from 3:4<p< 7-4 the Beattie— 
Bridgeman again, and from 7:4 < p< 10 the perfect gas 
equation fits best. 

Graphs at ¢ = 1-226, 1-549, and 1-746 are shown in 
Figs. 2, 3 and 4. When ¢ = 1-226 all the cusps have dis- 
appeared and the graphs bend inwards towards the X-axis. 
The height of the hump on the perfect gas graph is considerably 
reduced. The value of Y of the Su-Chang graph is less than 
2% from p = 0 to p = 6, while from p = 6 to p = 10 the 
lowest value of Y, that of the Beattie-Bridgeman graph, is 
under 4%. When ¢ = 1-549, the Su-Chang discrepancy is 
under 2°%% over the whole range 0 < p< 10. The reduced 
spread of all the graphs is marked. When t¢ = 1-746, the 
data available do not extend beyond a pressure of 450 atm, 
p = 6-17, but it is evident that Su and Chang’s equation is 
almost perfectly obeyed by carbon dioxide, and for all the 
other equations Y is numerically less than at the lower 
temperatures. 


FURTHER APPLICATIONS OF THE METHOD 


As far as the available data goes, Su and Chang’s equation 
of state appears to represent the behaviour of carbon dioxide 
fairly well at the lower, and very well at the higher tem- 
peratures. 
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In work to be published elsewhere the above method has 
been applied also to various fluids. Applying one and the 
same equation, at a common reduced temperature, to several 
gases, the isothermal graphs, drawn as above, provide 
evidence as to the existence of corresponding states. If two 
gases give the same graph under these circumstances, it may 
be said that they then exist in corresponding states. Or, two 
fluids exist in corresponding states at the same reduced 
temperature if they have the same value of Y. If the graph. 
happens to be a straight line or other recognizable curve, we 
can calculate an equation of state which it will obey with 
considerable precision. 

In the present paper only isothermals have been exhibited. 
Isobars and isometrics (f constant) may also be used. In 
fact, six types of graph in all can be obtained, for any one of 
the three variables p, t and od can be chosen as abscissa, and 
then one of the two remaining ones must be made constant. 
These graphs are exhibited elsewhere. 

Another test, based on the Joule-Thomson effect, can 
also be applied. A general equation of state usually gives 
rise to three equations connecting p and ¢, ¢ and ¢, and ¢ 
and p, holding when Joule-Thomson inversion occurs. In a 


paper to be published elsewhere a percentage excess pressure 
Y, derived from the inversion equations of van der Waals, 
Berthelot and the rest, is calculated for one given fluid, and 
plotted against X =p. As in the present paper, this is 
believed to show graphically which equation is most nearly 
obeyed by the given fluid. 
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The electric strength and molecular structure of liquids 
By T. J. Lewis, M.Sc., Ph.D., A.M.I.E.E., Department of Electrical Engineering, Queen Mary College, London 


[Paper first received 20 December, 1956, and in final form 21 June, 1957] 


Further measurements of the electric strength of liquids are used to support the theory of a break- 
down criterion, suggested in an earlier paper, in which conduction electrons in the liquid excite 
molecular vibrations associated with individual groups within the molecules. It has been 
demonstrated that collision cross-sections could be assigned to these groups and the breakdown 
strength derived. This criterion is used to relate the breakdown strengths of a series of alkyl 
benzenes recently measured by Sharbaugh, Crowe and Cox and a cross-section for the benzene 
ring is determined. The additive effect of the various group cross-sections is found as before, 
but it is necessary to consider dipole effects as well as liquid structure in order to explain the 
increased cross-section values for the alkyl groups. 

The general correctness of the concept is further demonstrated by measurements of the strength 
of a series of dimethyl siloxanes. It is assumed that cross-sections are to be associated with the 
oxygen sites and also with the methyl groups. The value of the methyl cross-section determined 
in this case is identical with that found from the previous measurements on the alkanes. Lastly, 
the presence of a puckered ring structure as well as steric hindrance is suggested as the cause of 
the strength of cyclohexane calculated from alkane measurements being different from the 


measured value. 


It has been suggested“) that one major factor determining 
the electric strength of a pure liquid alkane is the energy loss 
incurred by conduction electrons in interactions with the 
molecules of the liquid. These interactions are considered to 
excite molecular vibrations and thereby to cause an energy 
loss. Provided that this loss is greater than the energy gain 
from the applied field, ionizing collisions will be infrequent 
and breakdown will not occur. If an adequate supply of 
electrons is available from the cathode, a breakdown criterion 
can be found from the electron energy balance equation for 
the gain and loss. This has been obtained previously“ in 
the form 


| Ma kKNin,Q; (1) 


in which F is the breakdown field strength, N is the number 
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of molecules per cm? and 7; is the number of i’th groups per 
molecule for which the cross-section of the electron/molecule 
collision process involved is Q;. The constant k includes a 
factor determined by the experimental conditions and also 
the frequency v of the molecular vibrations involved. The 
author has suggested that v for the alkanes is that of the 
carbon-hydrogen stretching frequency (of the order of 
3000 cm~') and has also demonstrated that the Q;’s can be 
associated with the CH3, CH, and CH groups present in 
the molecules; these groups acting as independent collision 
centres assumed to have a uniform distribution in the liquid 
phase. Spectroscopic evidence supports the assumption of 
an independent vibrational behaviour of these groups. 

More recently, experimental results have become available 
for aromatic hydrocarbons and also for certain dimethyl 
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iloxanes. It is the purpose of the present paper to show that 
he theory can be applied to these new molecular types which 
ontain groups not present in the alkanes, giving thereby 
dditional support for a vibrational energy loss criterion for 
sreakdown in pure liquids. 
| 
| AROMATIC HYDROCARBONS 
_ Sharbaugh, Crowe and Cox®) have measured the electric 
trengths of a series of alkyl benzenes as well as benzene itself, 
mploying microsecond pulse techniques previously used for 
range of alkanes. These liquids are listed in Table 1 and 
ach contains the benzene ring having a cross-section Q, 
ogether with the various alkyl groups CH3, CH>, CH having 
sens Q;, Q, and Q;. 

| The benzene ring is to be considered as one interacting unit 
ather than as a set of carbon-hydrogen linkages. Evidence 
tom other fields of investigation concerning the electronic 
‘onfiguration, the binding forces and the nature of the bonds 
avolved, justifies considering it as a single entity in the 
ollision processes. In any case its CH bonds, if considered 
eparately, would not be expected to offer the same cross- 
ection as the CH bonds present in the chain structure of the 
kanes. We therefore consider the benzene ring as a single 
ollision centre and assign it a cross-section Q,. Regarding 
ae vibrations set up by the colliding electrons, spectroscopic 
vidence indicates that a frequency close to 3000 cm~! corre- 
‘ponding to a CH stretching mode will be a principal fre- 
uency to be associated with the benzene ring. This same 
|-equency can also be assigned to the alkyl groups since they 
vill also have a CH stretching mode as in the alkanes. 
In addition to the numbers of groups present in the various 


= Table 1 also gives the quantity F/N, F being 
( “able 1. Data for the alkyl benzenes, from microsecond pulse 

measurements of Sharbaugh, Crowe and Cox 

Dipole 

Number of groups F FIN (Debee. 
; n(Qr) n3(Q3) n2(Q2) 7m (Qi) (MV/cm) (MV/cm?) units) 
Jjenzene 1 1-63 144 0 
/Aethyl-— 1 1 1-99 Zils 0237, 
. benzene 
thyl— 1 1 1 226) 3216520 58 
) benzene 
/-Propyl- 1 1 2) 2°50 347 
| benzene 
\io-Propyl- 1 2 DSS iaro3 bau 0 05: 
| benzene 
'-Butyl-— 1 1 3 Qn AlO 
. benzene 
*Butyl- 1 3 D2 3437 0°70 
i benzene 


‘btained from the experiments of Sharbaugh, Crowe and 
fox. Using equation (1), plots as shown in Fig. 1 can be 
frawn. Fig. 1(a) is obtained by considering molecules for 
hich n; = 1 and n, = 0 and Fig. 1(b) by considering mole- 
fules in which 2, =n, = 0. Both plots and especially the 

2cond are practically linear. A linear relationship has also 
‘een noted by the previous authors but only for the normal 
kyl benzenes. It can be associated with the progressive 
crease of CH, groups (Fig. 1a) in accordance with equation 
1). Even more convincing is the excellent agreement found 
h Fig. 1(b) for the additive effect of methyl groups to the 
enzene ring, ¢-butyl benzene fitting easily into this scheme. 
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By considering the slopes and intercepts, it is possible to 
obtain for the two plots respectively, kQ, and k(Q, + Q;) 
and kQ3, kQ,. The cross-section values found are listed in 


400+ 


FL 
rar 
200 
O | 2. 3 O | 2 3 
n n 
: (a) : (b) 
Fig. 1. Plots according to equation (1) for the alkyl- 
benzenes 
(a) ny = 0, 73 = 1. 
(b) N=n= 0) 


Table 2 in which kQ, has been calculated from the results 
for the one liquid iso-propyl benzene in Table 1. This latter 
value may be very doubtful therefore. ; 

The estimate of kQ, for the benzene ring, which is non- 
polar, can now be used to calculate the breakdown strength 
to be expected from static measurements which will be 


Table 2. Estimates of group cross-sections, based on micro- 
second pulse measurements of Sharbaugh, Crowe and Cox 


From alkanes 


From alkyl According to Branched chain 


benzenes Ref. (1) alkanes alone 
kOb 145 
kO; 65, 66 30 35-5 
kQ, 70 38, 42 3525 
kQ, 56 30 19 

Table 3. Electric strength data for -the silicones 
Specific F 

gravity Number of groups (MV/cm) 

Silicone n 25°/25° C no(Qo) n3(Q3) (d.c. value) F/Nnz  no/n3 
Dimer O 027/61 1 6 0-84 30:0 0-167 
Trimer 1 0-818 2 8. -0+88- 32:0 0-250 
Tetramer 2 2-0°852 3 10 0:95 34-6 0-300 
Pentamer 3 0-871 4 12 0:99 . 36:4: 0-333 


different: from that from the pulse measurements made by 
Sharbaugh, Crowe and Cox. The different values of k 
required to account for the differing conditions of the pulse 
and static measurements have been discussed by Lewis‘! 
and the relative values of k obtained from alkane measure- 
ments would indicate that kQ, for static breakdown measure- 
ments should be about two-thirds of that given in Table 2 
or, in other words, the static breakdown value of benzene 
should be 1-1 MV/cm which is in excellent agreement with 
the mean value, 1-8 MV/cm found by Salvage® using 
techniques similar to Lewis. Lewis obtained 0:84 MV/cm 
which is not in agreement, but this low value has been 
considered unreliable. 

The new estimates of the cross-sections Q3, Q, and Q, 
are considerably larger than those obtained from the alkane 
measurements of Crowe, Sharbaugh and Bragg”) either by 
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the procedure adopted by Lewis‘ earlier, or by an alternative 
procedure of solving equation (1) simultaneously from data 
based on branched chain alkanes alone. Both sets of values 
for the alkanes are given in Table 2 and although these differ, 
showing that too great a significance cannot be attached to 
numerical estimates based on limited data, there is a definite 
distinction between the alkane and alkyl benzene values. It 
is necessary to offer some explanation of this difference. 

Dipole and associated effects. Unlike the alkanes, the 
alkyl benzenes are polar although benzene itself has zero 
moment (Table 1). Addition of an alkyl radical to the 
carbon ring causes a modification of the electronic orbits of 
both the alkyl and aromatic parts of the molecule with an 
effective shift of negative charge to the ring, causing a dipole 
moment directed along the molecule. The modified electron 
configurations can be expected to result in changes in the 
collision cross-sections. Further, the electro-negativity of 
the alkyl group would increase the interaction with free 
electrons and would cause an increase in the cross-sections. 
The increase in dipole moment through the series suggests 
that the cross-sections might also change progressively. For 
instance, a CH, group might be expected to change its cross- 
section as its proximity to the benzene ring changes. At the 
same time each substitution can modify the ring structure 
so that Q, will change. It is not unlikely that the departure 
from linearity in Fig. 1(a@) is due to these causes, but a Jarger 
number of liquids would need to be investigated to show this 
effect clearly. 

There is another factor which may contribute to the 
difference. The various estimates of Q; in Table 2 are based 
on the assumption of a uniform distribution of collision 
centres which, in fact, may not be occurring in these liquids. 

Local molecular arrangement is known to exist in the 
non-polar liquid alkanes in which the molecules pack with 

their long axes parallel, X-ray evidence having been furnished 
by Stewart: 7”) and others. At room temperature the mole- 
cules are free to rotate about their long axes and the arrange- 
ment in a local grouping would be somewhat as illustrated 
_ in Fig. 2, the distances between molecules and between groups 


collision 
centres 


Seats 

longitudinal 

axes of molecular 
rotation 


Fig. 2. Schematic arrangement of collision centres in a 
cybotactic group in a liquid n-alkane 


within the molecules being approximate only. It is seen that 
in a local ordered region the density of alkyl collision centres 
is greater in the chain direction AB than at right-angles to it 
CD. An electron travelling in the direction AB experiences 
greater energy loss than when travelling along CD. If the 
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molecules were arranged randomly, or if the local cybotactic 
groupings believed to exist have random orientations, then 
the estimated collision cross-sections for the alkanes in 
Table 2 are averaged in some way over all electron paths | 
between the extremes AB and CD. In liquid benzene, the | 
ring structures can also pack parallel to each other with a 
spacing of the order of 3:4A which is less than that for the 
alkanes. The attachment of a benzene ring to an alkyl group 
introduces a dipole effect which would upset the packing, 
producing an arrangement differing from that of a straight- 
chain alkane. This can change the effective mean free path 
of an electron from that assumed for equation (1). 

If this picture is accepted, then we have for the alkyl 
benzenes a consistent set of results which can be interpreted 
in terms of group cross-sections with the benzene ring as a 
single group. On this basis it is significant that the pulse 
and static breakdown strengths of benzene can be related 
with a high degree of accuracy. The differences between || 
cross-sections in the alkanes and alkyl benzenes can be || 
reasonably resolved by including the polar nature of the 
latter, which will alter the electronic structure of the groups | 
and, by changing the local molecular arrangements, will 
alter the electron mean free path also. 


SILICONES 


The dimethyl siloxane liquids have molecular structures 
similar to the straight-chain alkanes. The main skeleton 
consists of silicon-oxygen linkages rather than the carbon 
linkages of the straight-chain hydrocarbons and methyl side 
groups are added at the silicon atoms. Fig. 3 illustrates the 


fs re <r 
CH;— | — 4 — | O—Si—CH,; 
CH; CH, CH; 
(9) 
H H H 
| et 
H—c— | C—]} C—H 
| Pees 
i H : 
n 
(b) 


Fig. 3. Structural formulae for silicone and n-paraffin 
molecules. The length of the molecule is determined by 
the integer n 


main features of the silicone and n-paraffin molecules. The 
important difference between the two structures is that, 
whereas the skeleton is well shielded by hydrogen atoms in 
the n-paraffins, the siloxane skeleton is comparatively exposed 
at the oxygen sites. The similarities illustrated in Fig. 3 make 
it interesting to compare the electric strengths of the siloxanes 
with corresponding alkanes on the basis of group cross- 
sections. 

For this purpose, the d.c. electric strengths of the first four 
members of the dimethyl siloxane series were obtained under 
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conditions corresponding to those for d.c. measurements of 
the hydrocarbons previously reported.“ Experiments had 
to be limited to the first four members because these were 
the only silicones easily obtainable with sufficient purity. 
The results of the measurements are given in Table 3. It is 
logical to compute the strengths on the basis of two cross- 
Sections, Q; of the CH; group and Qy to be associated with 
the exposed oxygen atoms of the skeleton. The number of 
centres of each type is given in Table 3 and referring back to 
equation (1) we now write ; 


) i kN(%Qo ae n3Q3) (2) 


The plots of F/Nn; against n/n; should be linear which is 
confirmed by Fig. 4. From the intercept and slope of the 


) OF) 02 O-4 


No|3 


Fig. 4. Plot according to equation (2) for the silicones 


O3 


curve, we obtain kQ; = 20 and kQ) = 47:5. The value of 
kQ; is identical with that obtained earlier from the d.c. 
breakdown measurements on the alkanes!) and must be 
considered as strong support for the breakdown model 
assumed. That the oxygen centre should have a comparatively 
large cross-section is possibly associated with the polar 
nature of the silicon—-oxygen bond. In this connexion it is 
interesting to note that infra-red spectral analysis“) has 
shown a strong band due to the silicon—oxygen linkage and a 
weaker one due to the carbon-hydrogen linkage of the CH, 
groups at a wavelength close to that found for the same 
vibration in the hydrocarbons. In Fig. 4 the dimer lies off of 
the linear plot. This exceptional behaviour of the dimer is 
typical and has been noticed in other physical properties of 
these silicones. 


CYCLOHEXANE 


Lastly, it is interesting to speculate on the possible behaviour 
of cyclohexane. The cyclohexane molecule C,H,, has a 
closed hexagonal ring structure with a CH, group at each 
corner, and if we consider that each of these has a cross- 
section such that kQ, has the same value as that for the 


straight-chain hydrocarbons, then, using kKQ, = 27 as found 
earlier, the d.c. breakdown strength is 1-62 MV/cm which 
should be compared with the experimental value of 
1:04 MV/cm. The agreement is very poor and indicates 
that if the CH, groups are to be considered as separate 
collision centres in cyclohexane, then kQ, must be much 
smaller than the value above. This may indeed be the case, 
because both the molecular and liquid structures will not be 
the same in cyclohexane as in, say, n-hexane. The puckered 
ring structure of cyclohexane will pack differently from a 
straight-chain hydrocarbon, the latter being free to rotate 
about its long axis at normal temperatures.‘”) Steric hindrance 
will also be effective in the case of the rigid cyclohexane, but 
hardly important for the chain molecules. This latter factor 
alone could cause the CH, group in cyclohexane to offer 
quite a different mean collision cross-section to an electron. 
Further ring compounds need to be investigated to give 
further evidence on this matter. 


CONCLUSION 


The evidence presented here supports that given in the 
earlier paper for a theory of electrical breakdown in liquid 
dielectrics based on electron energy loss by excitation of mole- 
cular vibrations. On the basis of independent molecular 
groups having characteristic collision cross-sections, measure- 
ments on a wide range of pure liquids subjected to both static 
and impulse stress can be correlated satisfactorily. More 
work is required, however, on dipole effects in polar liquids 
and also on ring compounds before a complete theory could 
be evolved. The present postulates yield a reasonable 
explanation of the behaviour of the bulk of the liquid away 
from the test electrodes. 
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Photoelastic investigation of stresses in composite models 
with notches and holes 


By HEIHACHI SHIMADA, B.Eng., Faculty of Engineering, Tohoku University, Sakurakoji, Sendi, Japan 


[Paper first received 18 February, 


and in final form 23 July, 1957] 


The object of the work described was to obtain information about the stresses in stiffened plastic 

bars. Tests were carried out under tension on a composite bar with a circular hole, and under 

bending, on a composite bar with a semicircular notch. The bars were of epoxy resin stiffened 

with duralumin strips. Graphs were obtained from which the stress-concentration factors of 
the stiffened models may be deduced from those in similar unstiffened models. 


The stress concentrations in bars with notches and holes 
have been investigated by various authors, all of whom 
considered only bars of homogeneous material. The use 
of resins has been developed in recent years and stiffened 
resins are frequently employed in engineering structures, 
especially in aircraft. 

In this investigation bars of epoxy resin are bonded to 
duralumin stringers by Araldite type 121, using the techniques 
developed by Mylonas and others.“ ?) Bars stiffened along 
both edges and having a central circular hole were tested 
under tension, while bars with one-stiffened edge having a 
semicircular notch in the other edge were tested under bending. 
The observations were made in a simple polariscope. 


METHOD OF EXPERIMENTS 


The resin used for the bars was epoxy resin KT-102, the 
stringers were of duralumin, and the bonding medium 
Araldite 121, which sets at room temperature. 
initial bonding stresses were introduced. 


Very small 


1Omm 


The shapes and dimensions of the models used are shown 
in Figs. 1(a) and 1(6) and Table 1. The methods of applying 
the loads in the two types of model are shown in Fig. 2. 
Fig. 3 shows the isochromatic fringes in the loading ends. 

In a model of the first type without a hole the disturbance 
due to application of the load extends to a distance of about 
1:06; in the second type the distance is 0:75 6. These 
results indicate that the conditions in the “test”? area are not 
influenced by end-loading conditions. Fig. 4 shows a part 
of the isochromatic fringes of the test pieces. The relative- 
retardations were measured from the isochromatic fringes, 
with fractional measurements by the Tardy method where: 
necessary. 


STRESSES IN TENSION BARS WITH HOLE 


-Fig. 5 shows values of the ratio o/c, round the hole 
boundary in one model for a range of values of r/b, 


where o = tangential stress in model 
oO, = nominal mean applied stress = P/2bh 
= applied axial load 
r = radius of hole 
2b = breadth of model 
A= r/b 


In the figure the broken line gives the theoretical values for 
the unstiffened model with A = 0-5, taken from Howland.@ 
Stresses on the minimum section are shown in Fig. 6. 

In order to study the effect on the stress concentration 
factor K of the reinforcement, values of the ratio K/Ko are 
considered, where K is the stress concentration factor in the 
composite model and Ko is the factor in an unreinforced 


- ee mie model having the same size of hole. For this comparison the 
values of Ko used are taken from Howland.® 
Fig. 1. The shapes of the models The results are shown in Fig. 7, K/Kg being shown as a 
Table 1. Dimensions of test pieces 
(a) First type (units in mm) 
No. | lo 2b 2b d h r 
Pte 120 21:01 20-01 0-50 3292 3-00, 4:99, 7:00, 8:99, 9:50 
2 120 22-01 20-01 1-00 5-80 3:00, 5:00, 7:01, 9:00, 9:50 
3 120 24-01 20-01 2-00 ES 3:00, 5-01, 7:00, 9:00, 9-50 
4 120 22-02 20-02 1-00 5:81 3-00, 5-01, 7:00, 9-00, 9-50 
(b) Second type (units in mm) 
No. | Io b b’ d h | r 
1 | 120 22-01 20-01 2-00 5-80 2°98, 6:01, 10:00, 14:01, 18-00, 19-00 
2 120 QA: 20-17 1-00 5:88 3:00, 6:00, 10-00, 14:00, 18-01, 
3 120 22-00 20-00 2-00 5-80 3:01, 6:01, 10-00, 14:00, 17-99, 18-99 
4 120 21-00 20-02 1-00 5:88 3:00, 6:00, 10-00, 14-00, 18-00, 
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(») 


The methods of applying the loads in the two 
types of model 


(a) Pure tension; (5) pure bending. 


(a) 


(a) First type: d/b’ = 0:05, y = 0°7; 


function of y = r/b’, for three values of d/b’. It is seen that 
K/Ko is sensibly constant over the range 0< y< 0-5, but 
decreases rapidly as y increases further and the influence of 
the reinforcement is felt directly at the point of stress concen- 
tration. When y tends to 1-0, the strains in the duralumin 
and in the resin at the hole boundary will tend to equal 
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b) 
Fig. 3. The isochromatic fringes in the loading end 
(a) Pure tension; (6) pure bending. 


(b) 
Fig. 4. The isochromatic fringes of the test pieces 
(6) Second type: d/b’ = 0:1,0 =0-9. 


values, and the value of K then tends to the ratio of the 
Young’s moduli of resin and duralumin, namely 320/700 = 
0:0475. This conclusion is confirmed by the experimental 
data as shown in Fig. 7. When y tends to zero, we assume a 
limiting condition of uniform strain across resin and 
duralumin. Then if the total load is P, and if P, and P,*are 
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the loads carried by resin and duralumin, and E, and E, the We may therefore consider that K/Ko is defined for this range 


Young’s moduli of resin and duralumin, of y by the formula given for P,/P. 
the strain Cr shiny Opel Table 2. Calculated values of Pr/p for first type models 
E,2b’h — E,2dh 
: djb’ P,|P 

and since PENS be 0-05 0-478 

; . 0-314 
we have P,|P = E,B'|(E,d + E,B’) 0-10 

0-20 0-186 
d/b=O-05 


ieaE= 


oO 60 
@ (deg) 


2 WA 
24 
4 


Fig. 8. Values of o/o, on the boundary of the semi- 
circular notch in composite models, for d/b’ = 0-1 


Fig. 6. Stresses on the minimum section for various 
values of A 


O'S 


O4 


Ol 


(eo) 0-2 0-4 0-6 08 He) 


Fig. 7. Values of K/Ky as a function y 


The ratio of stress concentration factors should then be equal 
to the ratio P,/P. The values of this ratio for the models 


tested are shown in Table 2, and these agree very closely Fig. 9. Values of o/a, on the minimum section for 
with the experimental values of K/Ko for values of y<0°5. various values of A 
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STRESSES IN BARS WITH SEMICIRCULAR NOTCHES 
IN BENDING 


Fig. 8 shows values of o/c, at points on the boundary of 
the semicircular notch in composite models for which 
d/b’ = 0-1, for a series of values of A, 


where o = tangential stress of boundary 
o, = M/b*h 
M = applied bending moment 
A =r/b 


Fig. 9 shows values of o,/o, on the minimum section for 
various values of A. The values of o,. were obtained by use 
of the ‘“‘shear;difference”’ method. 

As in the tension model, values of K/Koy were calculated 
and these are shown in Fig. 10 as a function of y (= r/b’). 


d/b=O-O5 


o) 
, 


O-2 0’ 


06 


0-4 
Yow r/b' 


Fig. 10. Values of K/Ko as a function y, for d/b’ = 0:05 
and 0-1 


The ratio in this case is found to be sensibly constant for the 
range 0 <y < 0:7, and to fall rapidly as y increases further. 
The values of Ky used were taken from Leven and Frocht 
and others. ®) As in the previous case, when y tends to 
unity the ratio K/Kg tends to the ratio of the Young’s moduli. 
When y tends to zero, the ratio tends to the value of o,/¢,,, 
where o, is the boundary stress in the unnotched composite 
model, and o,, that in the unstiffened model. The calculation 


of o, is by the method given by Timoshenko, and values 
of o,/o,, for the two models tested are given in Table 3. 


Table 3. Compare with oc/om and K/Ko for second type 
models 
«| m K/K(0 < y < 0°7) 
d/b’ (calculation) (experiment) 
0-05 0-635 0-630 
0-10 0-560 0-555 


From the results shown it can be seen that there is good 
agreement between theoretical and experimental values for 
values of y less than 0:7. For this range therefore the stress 
concentrations in the composite model may be deduced from 
those in an unstiffened model by using Timoshenko’s result 
for the unnotched bar. 
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The effect of specimen diameter on the straining 
of a cylindrical load-cell 


By J. F. W. BisHop, Ph.D., and M. T. Warkins, B.Sc., A.Inst.P., Mechanical Engineering Research Laboratory, 
East Kilbride, Glasgow 


[Paper received 5 April, 1957] 


Theoretical and experimental results on the surface axial distortion of a cylindrical load-cell 


loaded by circular punches of differing diameters are given. 


It is concluded that a height to 


diameter ratio of about 7 : 4 is required to eliminate end effects and the effect of specimen 
diameter on the loads. recorded near its centre. 


The problem considered in this paper arose in an experi- 
mental investigation into the loads occurring in the drop- 
forging of (short) right-circular cylindrical specimens. The 
specimen is placed centrally on top of a cylindrical column or 
load-cell, to the periphery of which electrical resistance strain 
gauges are attached. It is then given a heavy plastic defor- 
mation under an impact load and the (elastic) distortion of the 
column obtained from photographic records of the behaviour 
of the strain gauges. The problem is to interpret the (axial) 
strain at the surface of the load-cell in terms of load. Since 
the specimen undergoes heavy plastic deformation, the load- 
cell is loaded over an area which is initially the cross-sectional 
area of the specimen and which gets continuously larger until 
it is the final area of the distorted specimen. This problem 
is not, of course, essentially one of dynamic loading. In this 
paper the quasi-static loading problem is considered in which 
the complications introduced by impulsive forces are absent. 


PREVIOUS WORK 


From Saint Venant’s principle it is known that the statically 
equivalent forces and not the detailed distribution of loads 
determine elastic deformation except in the reasonably close 
neighbourhood of constraints, etc. This fact is demonstrated 
by Frocht’s photoelastic method.“ His examples of a column 
under point load (p. 22), a disk compressed.by a pin and a 
flat plate at opposite ends of a diameter (p. 27), and a “‘semi- 
infinite” plate under different types of edge loading (pp. 42, 
69, 74) are elegant and conclusive. The question of interest 
in the current investigation is how far from the point of 
application of the load it is necessary to be before the details 
of the loading become unimportant in so far as the loads 
measured are concerned. 

The problem of elastic deformation in circular cylinders 
has received considerable attention in the literature. Although 
the problem treated in this paper does not appear to have 
been considered, many of the results obtained have a direct 
bearing on it. Filon® has considered the problem of a 
cylinder compressed between rigid dies where the frictional 
constraint at the ends is just large enough to inhibit relative 
motion between the perimeter of the end of the bar and the 
dies. With a zero constraint at the ends the stress and axial 
strain would be uniform throughout the bar. The surface 
axial strains in a short bar of length/diameter ratio (L/D) 
approximately unity as a multiple of the strain produced in 
a uniform compression under the same load is shown in Fig. 1. 
It is seen that the strain is sensibly uniform at the centre of 
the bar with a peak at the ends. The uniform strain is approxi- 
mately 90% of its value without end constraint. In long bars 
the effect of end constraint will be similar with the non- 
uniform strain confined to the neighbourhood of the ends. 
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Other types of end constraint with rigid dies can be obtained 
by superposition of the two types mentioned. The effect of 
the difference between constant displacement and constant 
pressure at a die can be inferred from the photoelastic patterns 
given by Frocht (Ref. 1, pp. 69, 74). It can be seen there 


Normalized strain 


Distance along cylinder 


Fig. 1. Surface axial strain in a short cylindrical 


specimen (Filon) 


that, except in the immediate neighbourhood of the die, the 
effect is a second-order one in relation to the stresses due to 
the total load. It would therefore appear that, for all practical 
purposes, the problem can be reduced to that of finding the 
deformation in a circular cylinder loaded uniformly over one 
end and uniformly over a smaller concentric circular area at 
the other. 

The work of Sims, Place and Morley has a bearing on the 
problem considered. They were interested in the design and 
performance of an industrial load-meter for use in rolling 
mills. The L/D ratio was of order unity and they investigated 
the effects of varying loading area and eccentricity of loading. 
Their results will be considered later in this paper. 


EXPERIMENTAL WORK 


In the current investigation the surface axial strains in a 
cylinder of L/D ratio 2-5 were investigated for three different 
loading areas and two types of end constraint. The effect 
of eccentricity of loading was examined. : 

A tool-steel cylinder 10 in. long and 4 in. in diameter was 
ground all over and lapped at the ends. This was mounted 
on a 10in. diameter ground tool-steel block and loaded 
through punches of 1 and 2in. diameter and through an 
over-hanging punch. The loads were applied to the punches 
in a fifty-ton hydraulic press through a spherical head. 

In order to obtain a comprehensive picture of the strain 
distribution in the load-cell, twenty-two pairs of electrical 
resistance strain gauges of half-inch gauge length were used. 
Four gauges were.mounted symmetrically on the curved 
surface at the top, centre and bottom of the load-cell and the 


VoL. 9, JANUARY 1958 


The effect of specimen diameter on the straining of a cylindrical load-cell 


remaining sixteen pairs mounted spirally at opposite ends of 
diameters at equal intervals along the length. Temperature- 
compensating gauges were mounted on an (unstressed) block 
placed adjacent to the load-cell. The out-of-balance method 
of measuring strain was employed since it had advantages of 
simplicity and speed of measurement. A comprehensive 
series of tests was conducted to determine the reproducibility 
of the experimental technique. The order of reproducibility 
determined for a series of tests repeated at different times for 
each diameter tool was +3%. Axiality of loading was 
checked from the strains recorded on the four gauges at the 
top of the block in the earlier tests until the effects of 
eccentricity had been investigated. 

The results for direct contact between the load-cell and the 
punch and base platen are given in Fig. 2. It will be seen that 


k—radius 
| 


O:2 


; 0-6 
Fractional distance from loaded end 


O08 


Fig. 2. Experimental surface axial strains 


© = 4in. punch, direct contact. 
O = 2 in. punch, direct contact. 
x = 1 in. punch, direct contact. 
A = 4in. punch, rubber mats at ends of cell. 


the strains differ markedly up to nearly a diameter from the 
loaded end and then are sensibly equal. At the supported 
‘end the effect of end constraint results in a peak axial strain. 

A series of tests was carried out with an overhanging platen 
and stiff rubber mats + in. thick interposed at the ends of the 
load-cell. The mean results for two series are also given in 
Fig. 2. The effect of end-support on the strains is clearly 
demonstrated, although the strain in the centre is virtually 
unaltered. 

- To examine the effect of eccentricity of loading, the mean 
strain registered on opposite ends of the diameter passing 
through the centre of a loaded, off-set punch was recorded. 
The method of loading and the measured strains are shown 
in Figs. 3 and 4. Also shown are the strains due to axial 


Strain (x 105) 


Sfrachenal distance frorn loaded 


Fig. 3. Surface axial strains under eccentric loading 
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loading through punches of the same diameter. It can be 
seen that even with a 1 in. diameter punch located at the 
extremity of the diameter, the effect of this gross eccentricity 
on the mean strain is negligible at distances greater than a 
diameter from the loaded end. 


O2 O4 
Fractional distance from Ga end 


Fig. 4. Surface axial strains under eccentric loading 


THEORETICAL INVESTIGATION 


Southwell has shown how problems of axially-symmetric 
elastic deformation can be formulated in terms of two partial 
differential equations involving two stress functions. The 
stresses and strains can be obtained from these functions by 
a single partial differentiation. This formulism is very con- 
venient for a relaxation solution as shown, for example, by 
Allen, Fox and Southwell.© Details of the method used for 
the current investigation can be found in Allen. 

Calculations were made for uniformly distributed applied 
loads and supporting forces for a block of L/D ratio 2-5. 
The punch radius to block radius R was taken as 0:25, 0-5 
and 0:75. The results are given in Fig. 5, with the strain 


Normalized strain 


Distance from loaded end 


Fig. 5. Calculated surface axial strains 
Or Ri Oe2 5% 
= ple 0250: 
kes O 5 


shown as a multiple of the strain due to a uniform stress 
corresponding to the same load. The relaxation solution 
was continued until the derived forces on the curved surface 
(known to be zero) were not more than 1°%% of the uniform 
supporting pressure. The sharp knee in the curves near the 
loaded end is not a real effect and arises from the difference 
method of solution. The first pairs of points are joined by 
straight lines since curves could only be put in arbitrarily. 


BRITISH JOURNAL OF APPLIED PHYSICS 


J. F. W. Bishop and M. T. Watkins 


DISCUSSION OF RESULTS 


The results obtained in the last section are in close agree- 
ment with the experimental results. Sims, Place and Morley 
found that, with gauges located three-quarters of the way 
down the cell from the loaded end, there was virtually no 
effect of punch diameter for an L/D ratio of 1-095, but a 
10% variation in strain in changing the diameter from 1 
to 4 in. (the cell was 4 in. diameter) for L/D = 0-906. This 
agrees very closely with the theoretical results obtained here. 
The plane stress photoelastic results of Frocht (Ref. 1, p. 30) 
are qualitatively in agreement with the results obtained. 
Fisher™ has examined the deformation of a cylindrical strut 
using the photoelastic method. For uniformity of stress (as 
opposed to constant axial strain) he finds a length to diameter 
ratio of about 9 to 4 is required. 

On the basis of all the results considered it would appear 
that the minimum L/D ratio permissible is 7/4 with the gauges 
mounted one diameter from the loaded end. This location 
allows for localized loading due to small punches with a 
more uniform distribution of forces at the supporting end. 
For ratios larger than this the effect of loading area, support 
conditions and eccentricity of loading should be negligible 
as far as the strains measured are concerned and having 
regard to the reproducibility of the technique. 
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Determination of density of liquids:under elevated gas pressure 


By K. GOLDMAN, B.Sc., 


British Oxygen Research and Development Ltd., London. 


[Paper first received 14 March, and in final form 15 May, 1957] 


A new method of density measurement using an open-end hydrometer has been developed for 


liquids under elevated gas pressure. 


It has been successfully employed for determining densities 


of high vacuum oil (Apiezon A), saturated with nitrogen, at 25° C in the pressure range 1-300 atm. 
The estimated accuracy of determination was better than 1 in 1000. 


LIST OF SYMBOLS 


m = weight of the hydrometer 
pr = density of oil at pressure P and temperature T 
Py = density of nitrogen at P and T 


o = surface tension of oil 
@ = angle of contact of oil 
V = volume displaced by main body of the hydrometer 
v = volume displaced by 1 cm of the stem 
/ = total length of the stem 
1, = length of the stem immersed in oil 
I, = length of the stem above the surface of oil (, = / — 1) 
v> = volume of aluminium alloy used in the main body of 
the hydrometer 
v3 = volume of steel used in 1 cm of the stem 


r = outer radius of the stem 


INTRODUCTION 


In the work undertaken to determine the viscosity of gases 
at high pressures by a transpiration method, the pressure 
difference across the capillary tubes was measured by means 
of a manometer filled with high vacuum oil. Since no data 
of the change of density of the nitrogen-saturated oil with 
pressure were available, subsidiary experiments for their 
determination were carried out. 
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THEORETICAL 


Under isothermal conditions, two factors can affect the 
density of a liquid: (1) compressibility of the liquid; and if 
pressure is applied through the gas phase, (2) solubility of the 
gas in the liquid. 

In the case of Apiezon A oil the effect of both factors is | 
not very large at moderate pressures (1-300 atm) and a 
sensitive method was therefore required to determine the | 
variation of the oil density with pressure. The open-end 
hydrometer was then adopted. According to our literature 
survey, this method has never been used before. 

All forces acting downwards are considered positive and 
those acting upwards are negative. 

(1) Force due to gravity: m. (2) Surface tension acting 
on the stem: 27racos@. (3) Buoyancy: —p,(V + 1,v) + 
+ pglV — v2) +1 — v3) — bps]. 

It is assumed that the materials used in making the hydro- 
meter are incompressible. 

In equilibrium we have 


m + 2aro cos 8 — py(V +10) + pp[V — v9) + 
2mro cos 8 — p,(v, + lv.) 
hence SoG tN a P\02 3 
PL — Pg Vt Ip G) 
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Determination of density of liquids under elevated gas pressure 


Equation (1) determines the differential density of oil and 
trogen for the viscosity calculations. As the density of 
trogen is known, the absolute density of nitrogen-saturated 
vil can be readily obtained. 


EXPERIMENTAL 


Hydrometer design and construction. The open-end hydro- 
neter differs from the ordinary hydrometer by the fact that 
he pressure inside and outside is equalized. This was 
sssential for our high pressure measurements where a light 
hin-wall hydrometer (which would float in the oil) was the 
yppropriate type. This would not be possible in the case 
of the closed-end hydrometer made to withstand high pressure, 
.e. robust and strong. The hydrometer is depicted in Fig. 1. 


oll 


Araldite seal 


cellulose ocetate seal 


stainless steel capillary 


brass weights 


Fig. 1. Diagram of open-end hydrometer 


The main body of the hydrometer was made of aluminium 
loy. The neck was made of fine stainless steel tube passing 
hrough the centre of a screwed cap and cemented to it with 
\raldite. Brass weights were placed inside the hydrometer, 
it the bottom. In order to prevent any leakage through the 
hreaded cap, the thead was covered with a thin film of 
ellulose acetate and then the cap was screwed up. After 
he cellulose had dried, the hydrometer was weighted: and 
laced in a glass vessel containing the investigated oil. The 
lass vessel was then accommodated in a stainless steel 
nclosure which had a row of sight glasses along its whole 
eight. The enclosure formed a part of the viscosity measure- 
nent apparatus and was capable of withstanding a pressure 
yf 300 atm. 

Measurement techniques. The steel enclosure and the gas 
eservoir were situated in a tank filled with water (Fig. 2) 
nd the temperature maintained at approximately 25° C by 
neans of a bimetal strip regulator. The water was stirred 
yy a fast circulating pump and the variation of water tem- 
erature was +0-1°C. The temperature within the enclosure 
vas measured by a platinum resistance thermometer placed 
lose to the vessel containing the oil. The temperature 
aviation within the enclosure was not more than +0-02° C, 

The apparatus was first evacuated and then filled with 
itrogen, the nitrogen pressure being raised slowly until the 
ydrometer submerged. The pressure balance valve was 
hen opened. When the oil temperature became steady, the 
ressure was slightly adjusted by opening the fine control 
alves (1) and (2), depending whether an increase or decrease 
f pressure was required, until the hydrometer was floating 
jith its stem partly immersed in oil. The travelling micro- 
cope was focused on either the top or the bottom of the 
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hydrometer, depending upon the convenient position seen 
through the windows, and its position measured. The 
hydrometer was illuminated by an electric lamp placed under 


pressure 


circulating 
gouge pump 
R (1) 
fo gas = : to capillary 
supply(2) | tube 
H 
es 
window 
capacity 
vessel 
hydrometer 


pressure 
balance 


Fig. 2. Diagram of viscosity measurement apparatus 


the bottom window, When the pressure was raised initially, 
it was found necessary to operate above the pressure actually 
required for the partial immersion of the stem of the hydro- 
meter in order to overcome the effect of surface tension. 
Preliminary experiment has shown that the oil became 
saturated with the dissolved gas within one hour. However, 
in the course of the main experiment, in order to allow at 
least three measurements of different stem immersion to be 
taken, the oil was kept under approximately the same pressure 
and temperature for several hours. A typical example of 
the results obtained for one pressure is demonstrated in 
Table 1. The time given in the table is only approximate 
and is measured from the final adjustment of the pressure. 


Table 1. Saturation of oil with gas 
Time Temperature Pressure (e72)25° C 
(A) CC) (atm) (g/cm) 
4 25-02 124-9 0:8594 
1 25:02 124-7) 0-8593 
14 25-02 124-7 0-8593 
2 25-02 124-5 0-8593 
3 25-00 122:8 0-8583 
Calibration. The hydrometer was calibrated by floating 


it in water in the same apparatus at atmospheric pressure 
applying equation (1). The calibration was repeated at 
several temperatures. The accuracy of determination of the 
main displacement of the hydrometer is shown in Table 2. 


Table 2. Volume of the hydrometer 
Temperature Volume V at temperature T Volume V at 25°C 
TCC) (cm3) (cm) 
27:80 29-1197 29-058 
26°95 29-1158 29-057 
28-16 29-1214 29-059 


mean = 29-058 cm}. 
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The stem of the hydrometer was calibrated by inserting 
weighed segments of wire through its open end and measuring 
the depth of immersion when it was stationary. The volume 
of water displaced by 1 cm of the stem was 0-029 cm?. 

‘The surface tension of the oil was determined by a capillary 
rise method, the mean of several determinations being 
29 dyn/cm. Since the value of surface tension was used only 
in a small correction term, it was unnecessary to determine it 
very accurately. The angle of contact between glass and oil 
and also between steel and oil was assumed to be zero. The 
density of high pressure nitrogen was obtained from the data 
of Michels and others. ~» 


RESULTS AND DISCUSSION 


The experimental results of the density measurements are 
given in Table 3. 


Table 3. Variation of oil density with pressure 
Pressure Temperature (ez — 9) 25° C (ez) 25°C 
(atm) CC) (g/cm) (g/cm) 
140-0 2329 0-7041 0-8612 
106-5 25-09 0-7376 0-8590 
44-3 25-00 0: 8046 0:8556 
25°5 25-09 0:8258 0:8548 
74:3 24-95 0:7721 0:8574 
124-7 25-02 0-7183 0:8593 
DOV ea, 25-07 0-5732 0-8677 
196-6 25-02 0:6496 0-8634 

1-0 24-94 0:8542 0:8554 
Oral 24-62 0:8556 0:8552 


O7100 


Differential density ot 25°C (gicm5) 


12) 
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Fig. 3. Differential density of Apiezon A oil and 
nitrogen at 25° C at pressures of from 1 to 300 atm. 
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Both the differential density (pz, — p,) 25°C and the 
absolute density (p,) 25°C of nitrogen-saturated oil were 
plotted against the pressure (Figs. 3 and 4). 
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Fig. 4. Density of Apiezon A oil at 25° C at pressure 
of from 1 to 300 atm. 


There are two causes of the change in oil density: (a) com- | 
pressibility of oil, and (4) solubility of nitrogen in the oil. 

As the pressure is raised, the oil becomes more compressed _ 
and also more gas is dissolved in it. It is believed that the | 
dissolved gas has a swelling effect on oil and, therefore, 
diminishes somewhat its density. This is supported by the | 
flattening of the density-pressure curve (Fig. 4) at the lower 
pressure range (1-50 atm.) At comparatively low pressures — 
the effect of compressibility is small and the swelling due 
to the dissolved gas is more pronounced. As the pressure 
goes up, the compressibility becomes the dominant factor. 

It is believed that, although the open-end hydrometer 
method of density measurements is not a rapid one, it is 
capable of high accuracy. The calculated overall accuracy is 
better than 1 in 1000. 
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New books 


| 

Particulate clouds: dusts, smokes and mists. By H. L. GREEN 
| and W. R. Lang. (London: E. and F. N. Spon Ltd., 
| 1957.) Pp. xix + 425. Price 70s. 


‘tis not generally realized by industrialists or by academic and 
esearch workers how much is known about the properties 
ind behaviour of gas-borne particles of solids and liquids and 
hat the basic phenomena may enter into many different 
orocesses. For example the theory of the impaction of 
articles on obstacles, which was first investigated in con- 
nexion with the icing of aircraft, is relevant to the effectiveness 
of insecticidal aerosols, the removal of smokes and dusts by 
ilters, the capture of wind-borne pollen, and the growth of 
raindrops. A consequence has been the investigation by 
vorkers in one field of problems solved in another field. This 
00k on the properties and behaviour of gas-borne sus- 
»ensions of particles, which contains a critical and selective 
account of the literature, should do much to prevent unneces- 
sary duplication of research effort. 

| The first part is concerned with the physics of particles and 
sontains chapters dealing with: the production of particulate 
rlouds; their physical characteristics, the scattering and 
absorption of light; coagulation and adhesion; and sedimen- 
tation, impaction and diffusion. The treatment is from the 
theoretical point of view, but the authors have been at pains 
so ensure a high degree of clarity in their exposition. The 
first part ends with chapters on the sampling and sizing of 
gas-borne particles and on diffusion in the atmosphere. 

: The industrial and environmental aspects are discussed in 
Part II. The chapter on collection of smokes and dusts by 
cyclones, filters and electrostatic precipitators, is the least 
successful because there is here a wider divergence between 
the industrial plant and the model system that can be treated 
theoretically. The last four chapters discuss: health hazards 
including fire and explosion hazards; atmospheric pollution; 
aerosols in nature; and uses of particulate clouds including 
inhalation therapy, screening and signal smokes and agri- 
culture and pest control. 

The book deserves to be widely read and indeed would 
fail in its purpose if it were not studied by workers concerned 
in any way with solids or liquids in particulate form. 

P. G. W. HAWKSLEY 


) 
| 
1 
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The measurement of soil properties in the triaxial test. By 
A. W. BisHop and D. J. HENKEL. (London: Edward 
Arnold Ltd., 1957.) Pp. viii + 190. Price 70s. 


Important engineering data on soil stability and deformation 
can be obtained from a triaxial test in the laboratory, the 
behaviour of a cylindrical specimen being observed in a cell 
where it is subjected to radial fluid pressure while another 
load is applied along the axis of the cylinder. Bishop and 
Henkel, writing for fellow experts, have set out the various 
possible forms of test and the practical details that need 
attention to obtain satisfactory results. 

The book carries its own internal standard. For those to 
whom the Mohr stress circle is a familiar concept and working 
tool this survey of techniques will be very valuable, not least 
in the multiplicity and clarity of its diagrams. For others 
who may want an entry to the fascinating field of classical 
physics applied to an awkward raw material, some other gate 
is advised. H. L. PENMAN 
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Magnesium casting technology. By A. W. BRAceE and F. A, 
ALLEN. (London: Chapman and Hall, Ltd., 1957.) 
Ppxii/4-s Price 2iks: 


The unique combination of lightness with strength attainable 
with the alloys of magnesium must commend their use for 
many applications over the whole field of scientific instru- 
ment manufacture, and indeed for camera components and 
binocular casings (to take two examples) the advantages to 
be gained are already well recognized. 

This book is primarily an exposition of the principles and 
practice of producing magnesium alloy castings, aimed at 
foundrymen, but it will at the same time prove readable by, 
and instructive to, instrument designers who wish to make 
the most effective use of a still somewhat unfamiliar range of 
light alloys. G. L. J. BAILEY 


Einfiihrung in die physik der magnetischen werkstoffe. By 
KARL M. Kocu and W. JELLINGHAUS. (Vienna: Franz 
Deuticke, 1957.) Pp. vii + 208. Price 52s. (approx.). 


This book, which is one of a series dealing with the physics 
of materials of electrotechnical interest, is a scholarly little 
work which gives, within a modest compass, an admirable 
summary of modern magnetism. It could be very useful to 
the advanced student and young graduate. The first chapter 
deals with formal classical theory and the second with atomic 
theory, including descriptions of antiferromagnetism and 
ferrimagnetism. In the next four chapters the process of 
magnetization, domain theory, anisotropy, alternating current 
properties and magnetic resonance are all treated very well 
within the space available, and there is a useful little excursion 
into the metallurgy of some of the simpler two-component 
systems. The last chapter deals with measurements of 
technical magnetic properties. 
The book is set out in c.g.s. units, but the relevant aspects 
of the m.k.s. system are well summarized in an Appendix. 
N. F. ASTBURY 


Propagation des ondes electromagnetiques de haute frequence. 
By J. Ortusi. (Paris: Societe Francaise de Documenta- 
tion Electronique, 1957.) Pp. 320. Price 3100 fr. 


This book on high frequency wave propagation is the first 
volume in a new series of monographs on radio under the 
editorship of Dr. M. Ponte. It is divided into five main 
sections, the first of which establishes the basic theory for 
the propagation of electromagnetic energy. Part two deals 
with guided waves in isotropic media and is followed by a 
section on propagation in ferrites. The fourth part covers 
the effects of branches and discontinuities in guides, and the 
final section discusses propagation around the earth’s surface. 
Although this is a fairly advanced text it is written clearly, 
attractively and authoritatively, with frequent appeal to basic 
principles. The rather large list of errata on page 313 might 
have been placed more prominently. M. R. GAVIN 


Radiation shielding. By B. T. Price, C. C. Horton and 
K. T. Spinney. (London: Pergamon Press Ltd., 1957.) 
Pp. ix + 350. Price 60s. 


This is a very impressive work. The authors have crammed 
a large amount of information into a moderate sized book 
and the claim inside the dust cover that this is the most 
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comprehensive reference work on the subject so far published 
is probably justified. It is, however, only natural that an 
engineer should feel that there is too much emphasis on the 
physics of the subject and not enough on the engineering 
aspects. 

Understandably there are one or two errors. In Fig. 
2.10.1, for instance, there is no curve for U,33 although it 
appears in the caption. And in table 3.6.2 the first reaction 
is wrongly printed. It is a pity that some of the graphs are 
rather crowded and on a small scale. On the other hand, 
the list of references is magnificent and leaves the reader no 
reason to doubt that the book took about three years to 
produce. It should become an essential companion for any- 
one who works in the field of radiation shielding. 

W. BONSALL 


Theoretische physik. By F. HuNp. (Stuttgart: B.G. Teubner, 
1957.) Pp. x + 364. Price DM. 29.40. 


This work has much the same scope as the book by Becker- 
Sauter noticed above, but tends to have a slightly more 
experimental bias. The treatment of electrostatics is fuller 
and there are four pages on experimental magnetism. There 
is, however, in the present work, some one hundred and fifty 
pages on optics and a fairly full treatment of elementary 
relativity theory. 

In both works the printing and the preparation of diagrams 
conform with the normal German standards, i.e. they are 
very good indeed. J. D. CRAGGS 


Theorie der elektrizitit. By R. Becker and F. SAUTER. 
(Stuttgart: B. G. Teubner, 1957.) Pp. 302. Price DM.29. 


This work follows on the famous book by Abraham and 
Becker of nearly 30 years ago, which was, and still is, a 
standard work for European connoisseurs of textbooks on 
electricity. The present work, as we should therefore expect, 
gives a mathematical account to advanced degree standard, 
and it embraces firstly a general introduction (42 pp.) to 
vectors, vector fields and tensors (the latter are used in many 
places later in the book), then a full classical treatment of 
electrostatics (some 57 pp.), electric currents and magnetic 
fields (some 120 pp.), and relativity theory (60 pp.). There 
are collections of questions and answers, and a summary of 
formulae with commonly used equations. 
This scholarly work should be read by students and 
teachers in British universities. But can they and will it? 
J. D. CRAGGS 


Energy transfer in polyacene solid solutions: a guide to the 
literature to the end of 1956. By F.R. Lipsetr. (Ottawa: 
National Research Council, 1957.) Pp. 64. Price 50c. 


This useful guide to the literature on the transfer of absorbed 
energy of radiation from “‘host’’ to “impurity” molecules in 
the polacenes is collected under six main headings: books; 


theories on spectra; experiments on spectra; energy transfer; 
related subjects and experimental. The volume also contains 
thirty-three sub-headings. A large number of the references 
deal with subjects related to energy transfer rather than with 
the transfer process itself, i.e. molecular structure and photo- 
and semi-conduction, and a brief text is given which outlines 
the history of research on energy transfer and current views 
on the transfer process, as well as suggesting starting-points 
in reading for research workers new to the field. 


Vector analysis. By Louis BRAND. (New York: John Wiley 
and Sons Inc.; London: Messrs. Chapman and Hall 
Ltd.,.1957.) Pp. xiii + 282. Price 48s. 


Starting from the vector as a directed line segment, the subject 
is developed as far as is required in a course up to first degree 
level. 

Five chapters deal with general theory as far as the funda- 
mental integral theorems of Gauss, Green and Stokes. The 
use of dyadics enables some of the later results to be expressed 
very neatly. Three chapters then illustrate the application to 
dynamics, fluid mechanics, and electrodynamics. A return 
to theory is made in the final chapter which introduces abstract 
vector spaces. : 

The treatment is clear with plenty of examples and this 
book: is strongly recommended. A. W. GILLIES 
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SPECIAL ARTICLE 


Electroluminescence* 
By S. T. HeNperson, M.A., Ph.D., F.Inst.P., Thorn Electrical Industries Ltd., Enfield 


An account is given of the present state of field-controlled luminescence, with references to the 
earlier experiments using additional forms of excitation, and to carrier injection luminescence. 
Intrinsic electroluminescence is dealt with at greater length, the main aspects considered being 


the phosphor, the voltage against brightness relation, and emission wave-forms. 


Theoretical 


discussions of the process and practical applications are reviewed. 


INTRODUCTION 


Electroluminescence is a subject that can be well illustrated 
in the lecture room. A written discussion without the demon- 
strations may be less convincing, for it is difficult to do more 
than add another to the reviews published in recent years.“!-9) 
Progress has reached a point where the comparatively simple 
improvements in technique have been made, practical appli- 
cations are well in hand, but further desirable advances 

depend on that kind of effort which is required, for instance, 
‘to discover new phosphors for various purposes. This is not 
exactly empirical work, but it needs investigations which are 

not informed by any very useful theory. In other words, 
progress in electroluminescence is slow and there is not much 
to report since the first review mentioned. It will be assumed 
in the following that the reader has some knowledge of the 
historical and practical details, and attention will now be 
given to some important aspects of the subject. These will 


'in particular the copper-activated material with green 
luminescence. 


EARLY EXPERIMENTS 


It has been suggested by Walsh that the term electro- 
luminescence ought to be used for all direct conversions of 
electrical energy to light, while the most widely known and 
practised form, variously known as the Destriau effect, “true” 

or “intrinsic”? electroluminescence, ought to be called ‘‘con- 
I gener” luminescence.“ The last term is indeed an apt 
description of the usual electroluminescent cell or plate, with 
its sandwich of phosphor and dielectric between two close 
conducting plane surfaces. This type of construction may be 
| used to demonstrate a number of the earlier experiments on 
phosphors which were simultaneously, or successively, under 
two forms of excitation, as we now regard them, though at 
that time the electric field was not recognized as a form of 
excitation in its own right. The effects described by Gudden 
and Pohl, Schmidt, Hinderer and others are now of little 
more than historical interest; there have been some more 
recent examinations of them.©-*) In the early work phosphors 
were used which had stored up energy during a prior excitation 
by light, and the light subsequently emitted was not derived 
ftom the electric field. There is a resemblance to the effect 
of infra-red stimulation and quenching in these field effects 
-on non-electroluminescent phosphors, for by itself the infra- 
red quantum is insufficient to cause excitation but needs to 
'be added in some way to existing stored energy to produce 
light in the visible spectrum. In “‘true’ electroluminescence 
the phosphor begins in the unexcited ground state and all 
the light energy is derived from the field. 


_ * Based on a lecture given to the Electronics Group of the 
‘Institute of Physics on 15 January, 1957. 
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| deal largely with the behaviour of zinc sulphide phosphors, ~ 
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The Gudden and Pohl effect is easily demonstrated. Their 
original experiments were made on thin layers of dry phos- 
phors, but it is more convenient to coat a thin layer of a 
long afterglow ZnS.Cu phosphor (not an “electro- 
luminescent” preparation) in an alkyd resin on to the surface 
of a glass plate previously made conducting by spraying, at 
its softening point, with a dilute solution of a tin salt in 
alcohol. A second conducting layer of graphite or evaporated 
metal on the back forms a condenser which is waxed on the 
back and along the edges to exclude moisture. Exposed to 
long ultra-violet radiation and examined in the dark, this plate 
will show a gradually decaying phosphorescence, and if a 
connexion is made between the plates and a 200-300 V dry 
battery, a momentary flash of brighter phosphorescence is 
seen. This may be repeated at intervals during the decay 
(see Fig. 1). Krautz has shown) how rapidly these flashes 


Light output 


Time 


Fig. 1. Flash effect of d.c. field on phosphorescence of 
ZnS'. Cu (diagrammatic) 


ABC, normal decay; FF, momentary application of field. 
[After Gudden and Pohl.} 


rise and fall (rise ~30 ps, fall ~1 ms). The corresponding 
flash on switching off the field is slower and more difficult 
to observe. In some cases, particularly ZnS .Cu.Mn of 
yellow electroluminescence, quenching may be observed after 
the flash and while the field is still on. With a.c. fields more 
complicated effects occur, partly due to the periodic relaxation 
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of polarized conditions in the crystal, partly due to “intrinsic” 
electroluminescence. Quenching may be observed with 
ZnS . Cu during the period of maintained a.c. field, as well 
as flashes on switching on. In general, the fields used in the 
above experiments are of the order of 104-10° V/cm. Infra- 
red analogies are evident in the phenomena. If infra-red 
irradiation is added to an existing field, the general result is 
that the infra-red effects are accelerated, either in quenching 
or stimulation. % 

Next we may consider the experiments where excitation and 
electric field are applied together. These lead to some interest- 
ing effects which should have practical applications, even if 
their theoretical interpretation is not altogether clear by reason 
of the involved nature of the procedures and the marked 
differences caused by more or less uncontrollable variations 
in phosphors. 


DUAL EXCITATIONS 


Matossi and Nudelman have devoted much attention to the 
case of ultra-violet excitation of ZnS . Cu with simultaneous 
electric fields.(°!" A simplified scheme of the variation 
of light output with time is shown in Fig. 2. The dotted lines 
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field on 
eg —— - 


Time 


Fig. 2. Quenching effect of field on phosphor excited by 
ultra-violet 


AB, rise under excitation; BC, steady level under u.v. alone. 
[After Matossi and Destriau.] 


show alternative behaviour seen in other phosphors. The 
important effect to notice is the quenching, which is described 
(but not explained) by saying that the field induces radiation- 
less transitions of excited electrons. The small peaks in 
Figs. | and 2 are attributed to freeing of trapped electrons 
by the field. This idea is, however, by no means generally 
accepted, and it evidently does not apply to the continuous 
stimulation, or rather enhancement, of photoluminescence 
seen in the Cusano amplifier./?: 13) In this device the 
material is a 10 thick evaporated layer of ZnS. Mn. Cl 
having a moderate ultra-violet fluorescence which is greatly 
increased by a d.c. field of ~10° V/cm applied across the 
phosphor layer; it appears that the energy represented by 
this extra light is derived from the field though controlled by 
the incident ultra-violet. 

Till recently only manganese-activated phosphors were 
known to show enhancement under any radiation. Arsenic 
and phosphorus have now been used instead of manganese 
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to activate evaporated phosphors for this “photoelectro- 
luminescence.”’(!4) Other methods of showing this increase 
of emission under a field (see Fig. 3) are by a primary 
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Time 
Fig. 3. Enhancement effect of field on phosphor excited 


by X-rays 


AB, rise under excitation; BC, steady level under X-rays alone. 
[After Destriau.] 


excitation with X-rays, a«-rays or cathode-rays. An a.c. 
field of the order of 104 V/cm is particularly effective on a 
screen of ZnS.CdS.Mn under X-rays, the light output 
being more than doubled;“!>) a d.c. field merely gives flashes 
at switching on and off. The a.c. effect depends on the | 
spectral region observed, and it is improved if the phosphor 
also incorporates small amounts of gold.“ The possibilities 
of a practical device, which would be of great value in medical 
practice, have been recognized in recent patents.{!7?) The 
converse effect of field quenching under ultra-violet instead 
of X-rays could be used in a radiation detector with image 
reversal.(!8) ; 
Enhancement of «-ray fluorescence in an a.c. field has been | 
demonstrated with ZnS.Mn.Ag. The effect could be 
distinguished from intrinsic electroluminescence occurring at 
the same time.“'9) The last example to be given here is of 
ZnS .CdS.Mn under a cathode-ray beam, which showed 
increased emission when the phosphor layer was subjected to. 
an a.c. field of the order of 10+ V/cm. Frequency of the: 
applied field was important.2” Compare a d.c. effect on the 
cathodoluminescence of magnesium oxide.@!) It is interesting | 


that X-rays or «-rays can be used for the primary excitation 
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in the Gudden and Pohl type of experiment. Energy can be 
stored and released by later application of a field.(22) 


CARRIER INJECTION LUMINESCENCE 


Turning to cases where no preliminary phosphor excitation 
is necessary, there are two well defined types and perhaps a 
few border-line cases. The first type is appropriately called 
carrier injection luminescence, first observed for carborundum 
(SiC) by Lossey, and since then in a variety of other crystalline 
powders or single crystals, such as CaWO,,@}) ZnS and 
CdS,@ SnO,,@5 and C (diamond).2@% The effect may be 
seen by applying a few hundred volts d.c. between two sheets 
of conducting glass enclosing a layer of coarse carborundum 
powder in castor oil. Bright points of light are seen where 
the crystals are suitably orientated. Efficiency is low and this 
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visible emission is so far of no practical importance. Rectify- 
ing properties are often found in this group, and the processes 
involved, at any rate with d.c. fields, have been explained 
adequately by recent semi-conductor theory. When the 
crystal is specifically p or n in constitution, forward or reverse 
bias produces contrasted effects, for example in carborundum. 
Sometimes the peak light emission corresponds more or less 
exactly in frequency to the forbidden band separation, and, 
as with crystal phosphors, some widening of the emission to 
a band occurs. The emission is infra-red for hole injection 
into m-germanium. Red or infra-red emission of similar type 
occurs in the III-V compounds like GaSb, InP, etc.,2”) in 
GaP,®) and in the I-VI compound CdTe.2 In other 
cases a complex band structure arises from foreign impurity 
levels in the forbidden band, as with SiC. Similarly for boron 
nitride, with the difference that a.c. fields are required, in 
contrast to d.c. for the other materials listed.C® This is a 
border-line case resembling the intrinsic type by operating 
without electrode contact to the phosphor powder. CaF, 
appears to be similar in behaviour.@) 


INTRINSIC ELECTROLUMINESCENCE 


The second main type of electroluminescence is that dis- 
covered by Destriau in 1936. In practical applications, 
dating from about 1950, the flat plate condenser with a 
dispersed phosphor layer is basic to nearly all designs, the 
light being emitted either through a conducting glass electrode, 
or through transparent fused ceramic layers if the condenser 
is built up on a metal backing plate. A white reflector layer 
is usually incorporated, and this may have electrical as well 
as optical advantages.) The only other practical detail 
calling for comment here is the very difficult exclusion of all 
traces of moisture from the completed lamp by embedding 
in wax or a synthetic resin; even then it is not certain that 
internal generation of water does not occur, and since water 
in traces will reduce the phosphor efficiency, this represents a 
serious hazard in manufacture. The ceramic type of plate 
appears to be fairly immune to the effects of external water. 

Wherever phosphors are used in light-producing devices, 
their efficiency is apt to be the limiting factor on what can 
be achieved, and many devices of standardized design have 
been improved by work on the phosphor component. This 
is true of electroluminescence, where only a very limited 
selection of phosphors has been found adequate to produce 
the accepted light levels, low as those are at present. Almost 
all current work is done with zinc sulphides and selenides 
with copper as impurity activator and other co-activators or 
additions such as halides, Al, Ga, Pb and ZnO. Manganese 
is an extra activator for yellow emission. Zinc oxide has a 
special significance historically, for its incorporation as such 
or by partial oxidation of the phosphor was formerly the 
main method of conferring electroluminescent properties on 
zinc sulphide. The cubic (zinc blende) form is usual but not 
2ssential to electroluminescence in ZnS, and some experi- 
nental evidence has recently been produced on the mechanism 
of incorporation of Cu in the crystal,°”) and the influence of 
Sl content on the emission bands developed.@) Otherwise 
10ot a great deal of effort has been devoted to the study of 
»mission band shapes, positions and movements with tempera- 
‘ure. The green and blue emission bands commonly found in 
‘lectroluminescent ZnS . Cu are very similar though probably 
10t identical with those produced by ultra-violet excitation.C” 
4Jectroluminescent sulphides are photoluminescent unless 
yoisoned for special purposes,°>) conversely few photo- 
uminescent sulphides exhibit electroluminescence. 
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The arrangements of crystallites in dielectric-coated 
phosphors is believed to be important, and may account for 
the initial increase in light output in thermoplastic-bonded 
phosphors in the glass type of plate. Deliberate alinement 
has been proposed to give enhanced light output. Much 
attention has been paid to the more fundamental problem of 
the nature of the barrier layers on the crystallite surfaces, 
postulated in some current theories. Conducting phases like 
ZnO, Cu,S, evaporated Cu,°® and ionizable salts suitably 
deposited?”) are known promoters of electroluminescence, 
while the recent discovery that admixed sharp metal particles 
will induce electroluminescence in sulphides and other 
phosphors not normally responding?®) suggests that carrier 
injection and intrinsic electroluminescence are more closely 
allied than was previously thought, and may sometimes exist 
together and be confused.@?) Lehmann in fact believes 
exhaustion barriers to be less important in the “intrinsic” 
case than local field intensifications caused by mere contact 
of the ZnS crystals with particles of higher conductivity. 
Internal barriers in electroluminescent crystals are also 
presumed to exist.“4 4) They cause the non-homogeneous 
light output characteristic of crystals examined microscopic- 
ally and their peculiar dielectric properties. This behaviour 
has to be remembered when means of improving the phos- 
phors are considered. / 

The possibility of non-sulphide phosphors has not been 
realized in a useful form. An obvious difference is that few, 
if any, other phosphors show the well-developed crystal forms 
of ZnS. However, the addition of CdS promotes crystal 
growth, but by introducing deep traps speedily reduces 
electroluminescence; therefore, good crystallization is not all 
that is required. The way in which the lattice is built up 
seems to be a more important factor. The use of lead salts 
in the preparation of the sulphides may be an empirical means 
of attaining the correct structure, for very little lead is left 
in the finished product; on the other hand these traces may 
have some activator or sensitizer-like action. 

Electrical behaviour. The electroluminescent plate com- 
bines capacitative with non-ohmic resistive properties. 
Attempts have been made to give equivalent circuits. Reson- 
ant effects produced by an inductance in the circuit have an 
important bearing on light output,@?) but the overriding 
electrical factor which limits the performance is the low 
power factor of the electroluminescent plate (~0- 1-0-2). In 
certain cases this may have value, for example, in permitting 
the operation by a transistor oscillator circuit, powered by 
low voltage dry batteries. Circuit analogies do not appear 
to have any value in the study of the mechanism or prediction 
of performance under stated conditions. A more useful 
approach to the electrical properties is through the dielectric 
characteristics.43-4>) 

Voltage relations. A specific electrical parameter, namely 
the voltage (or field strength) applied to the plate, has been 
very extensively used in relation to light output. Many 
formulae have been proposed to express the superlinear light 
output by exponential or power functions of voltage. A 
formula holding over a wide range can be used as a check 
on the theory of electroluminescence mechanism. Many 
interesting individual pieces of work have been done, but 
there is still diversity of view and discrepancies among experi- 
ments. The accurate measurement of electroluminescence 
looks at first more hopeful experimentally than for phosphor 
emission under, say, cathode-rays, where similar quantitative 
attempts have been made despite the varying penetration of 
the exciting agent, which makes it difficult to measure true 
light production in the powder layer, as contrasted with light 
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emitted after variable internal scattering. However, each 
crystal shows electroluminescent emission at many spots, not 
all in phase and with varying voltage thresholds, hence the 
least involved case is the measurement of light from a single 
spot. This, of course, is very difficult. In fact most of the 
measurements made have been on powder layers. Yellow 
emitting ZnS.Cu.Mn behaves differently from green- 
emitting ZnS . Cu in its voltage characteristic and so offers 
another unsolved problem. 

The most favoured expression for average light output or 
luminance at voltage V has been L = aexp (—h/\/V).¢® 
Not all types of powder layer conform. If account is taken 
of the non-homogenous emission in the crystals, and the 
assumption made that L tends to a limit as V — 00, for which 
there is some experimental justification, then a relation of the 
type L = aexp(—b/V) is more probable.” This is a 
return to one of the earliest formulae, which has some other 
theoretical justification from the mean free path of the 
conduction band electrons.(4®) 

Emission waye-forms. A topic which has attracted much 
attention is that of the variation with time of the light output 
(the emission wave-form) and its dependence on the wave 
form of the applied field. Some progress has thus been made 
in understanding the mechanism of light emission, even if 
most of the information refers to the mean output from 
heterogeneous assemblies of crystals, each of which has a 
non-uniform response to the field. This averaged response 
could, of course, appear either less or more complex than 
that of a single electroluminescent spot according to the 
distribution of fields, phasing and so on. An example of the 
value of time-averaged measurements will be seen later in the 
work of Waymouth and Bitter. 

In general, intrinsic electroluminescence is out of phase 
with the excitation if this is sinusoidal, though under some 
circuit conditions with high frequency operation the light out- 
put may be very closely sinusoidal and in-phase. Some 
typical wave forms for powder layers are shown in Figs. 4-6 
with the corresponding sinusoidal voltage waves producing 
them. Changes occur with voltage, type of electrode, 
temperature and nature of phosphor. It is also necessary to 
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Fig. 4. Wave-forms of emission and voltage for low 
frequency excitation of ZnS . Cu 
[After Destriau, Mattler, Luyckx and others.] 
BRITISH JOURNAL OF APPLIED PHYSICS 


distinguish between experiments on phosphor powders 
embedded in plastic dielectrics (the more common case), 
layers of powder without binder, and single crystals. It 
should be noted that oscilloscope traces of emission wave- 
forms are often published without zero levels, suggesting that 
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Fig. 5. Wave-forms of emission and voltage for high 
frequency excitation of ZnS . Cu 
[After Destriau and others.] 
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Fig. 6. Wave-forms of emission and voltage for low 
frequency excitation of ZnS . Cu. Mn 
[After Luyckx, Mattler and others. ] 


the light output returns to zero at each half cycle. This is 
not strictly true, even at low frequencies, while at high} 
frequencies the modulation is much reduced. The reason is 
in part the overlap in light emission of numerous out-of-phase | 
spots in each small crystal. This also produces the two main 


peaks per cycle in Figs. 4-6 instead of one given by each 
emitting spot. 
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Different spectral bands may be emitted at different points 
1 the voltage cycle, and there is a marked difference between 
1e wave-forms of ZnS with Cu and Mn as the main emitting 
entres respectively. From manganese-activated phosphors 
nly one (nearly symmetrical) wave per half cycle is observed, 
s in Fig. 6, another instance of manganese ‘‘abnormality.’"49) 
he wave-forms are not established instantaneously.© Full 
ght output requires several cycles of voltage, and there is 
ften a continuing slow rise over hours or days of operation, 
vith an eventual fall possibly due to electrolysis.©!) 

When the applied voltage wave-form is altered a great 
ariety of results may be obtained. Evidence is available for 
ulsed d.c. with varied pulse and interval lengths, sinusoidal 
.c. with varied amounts of rectification, square-topped a.c. 
ulses, saw-tooth a.c. and so on. These excitations were 
ised to alter the emission wave-forms mainly for theoretical 
easons, though practical advantages have not been over- 
ooked.©?) There is difficulty in reconciling the single crystal 
esults with those of dielectric-embedded powders, especially 
is the single crystals may be susceptible to carrier injection 
rom the electrodes as well as showing intrinsic electro- 
uminescence. The discrepancies mainly concern the phase 
elations of different parts of the emission wave and the 
ffects of electrode polarity at any given moment. (See a 
liscussion on p. 1922 of Ref. 2.) For the usual type of layer 
t has been claimed that the volume luminescence is nearly 
ymmetrical while the light from near the electrodes con- 
ributes the unsymmetrical effects. To summarize the 
leductions from many studies of emission waves, it may be 
aid that they show the electroluminescent process to consist 
yf a primary excitation, when the field is high, during which 
ight may or may not be emitted; and a relaxation process 
ollowing the reduction or extinction or reversal of the field 
is the a.c. cycle is continued or the d.c. pulse removed, when 
he main luminescence occurs. 

Frequency is important in all a.c. operation. Its primary 
ffect is simply that it controls the number of emitting states 
yecurring per second: the length of the “‘on’” period seems 
ess important. Very roughly the light output is proportional 
o frequency over small ranges, and the log-log plot of 
uminance against frequency is linear up to kilocycle fre- 
juencies. Voltage, frequency and temperature are closely 
nterconnected and it is not possible to isolate the effects of 
iny one of these parameters. 

Temperature effects. Temperature changes have been a 
yowerful if not always controllable tool in the study of 
uminescence under conventional excitations. The same 
ipplies to electroluminescence, and the variations of light 
yutput above and below 0° C differ much as for photo- 
uminescence. Temperature affects the resistivity and 
lielectric constant of the binder in powder layers if these are 
ised, temperature quenching effects on the phosphor occur, 
yence the pure electroluminescence is not easy to isolate.©%) 
t appears to increase with temperature rise, though the 
yverall effect on an electroluminescent cell, or a single crystal, 
s of a maximum output at some point below 200° C, but 
xften above 0° C, depending on frequency and voltage.) 

Phosphors containing ZnO have been claimed to behave 
lifferently, first by a rising emission below 0° C, and second 
n the sense that their temperature-luminance curves below 
)° C depend on whether the temperature is rising or falling 
juring the measurements. Thus a kind of glow curve with 
yeaks was obtained on heating, provided the electric field was 
resent, and provided that a liquid silicone dielectric was 
ised.©5: 56) The normal thermoluminescence, observed in 
he glow experiment, may be involved in some way. This is 
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a suitable point to mention another aspect of electro- 
luminescence, namely the enhancement of thermoluminescence 
light sum at low temperatures by a d.c. field. This was 
observed for single crystals of ZnS which may simultaneously 
show carrier injection luminescence;©’) apart from this 
complication the process is a kind of refrigerated Gudden 
and Pohl experiment. 

Temperature effects emphasize the importance of electron 
traps in the phosphor, but trapping is of a more general 
importance in electroluminescence considered theoretically. 


THEORETICAL ASPECTS 


It has already been suggested that there are large differences 
of opinion on the interpretation of electroluminescence data, © 
often ‘because similar phosphors give dissimilar response to 
the same experimental conditions. The same differences are 
naturally found in general theories of electroluminescence. A 
few basic principles are widely accepted, and their combina- 
tion into plausible schemes offers scope for much ingenuity 
and some controversy. It is not yet possible to deduce further 
consequences for experimental test from these theories. In 
fact they are mostly no more than hypotheses, but encourag- 
ing agreement with experiment has been reached in a number 
of attempts, even if they are not always mutually compatible. 

The luminescence of ZnS .Cu involves the presence of 
electrons in the conduction band of energy levels in the 
crystal. Intrinsic electroluminescence has already been dis- 
tinguished from the carrier injection process, and it is agreed 
that one other possible source of conduction electrons is 
extremely unlikely, namely those excited directly across the 
forbidden band from the valency band or activator centres 
not far above the latter. This would require fields a thousand 
times higher than those applied in the usual electro- 
luminescence experiments (10? V/em upwards). There remain 
as the primary source of electrons the electron traps or donor 
states in the forbidden zone between valency and conduction 
bands. If these electrons can be raised into the conduction 
band, they will be accelerated by the field till they have 
enough energy to cause multiplication of carriers by collision 
and to excite or ionize the activator centres (also in the for- 
bidden zone), and so initiate the luminescence process. Even 
so the calculated fields are much higher than the average 
fields applied, or than the calculated fields in the phosphor 
particles,©®) consequently local concentrations of field have 
to be invoked, usually in the form of electronic barriers of 
the exhaustion type located in the crystal surfaces. This has 
already been mentioned in the discussion of phosphors. At 
this point speculation becomes more prominent in the 
argument. 

Opinions differ on the type and distribution of donor levels 
necessary. Levels located at imperfections of a crystal surface 
in contact with the cathode, and energetically at a very small 
depth below the conduction band level, could provide the 
necessary electrons for acceleration by the local high field.” 
Deeper donor levels are also considered necessary by some 
authors to account for barrier formation and in particular for 
voltage against luminance data,‘ ©!) while various distri- 
butions in depth have also been proposed. The extent of 
thermal as opposed to field ionization of donors is doubt- 
ful,©2, ©) and the effects of temperature on voltage and 
frequency behaviour have been interpreted in different ways 
which cannot be briefly summarized. Various ideas on the 
complementary functions of positive holes are also current. 
As an example of the complexity and limitations of the 
theoretical approach, Zalm’s very complete discussion may be 
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mentioned.@) Among the subjects it deals with specially is 
the relation of powder layers in a dielectric to single crystals 
in contact with electrodes. 

A different method has been used by Nagy and by Goffaux, 
from the Fréhlich conception of free electron temperature in 
relation to lattice temperature. Electron multiplication can 
be explained, and semiquantitative agreement with experiment 
found for voltage against luminance,“*) and for frequency 
dependence and several other relations.©® Another interest- 
ing study is that of Ince and Oatley, whose measurements of 
the low frequency dielectric dispersion which is characteristic 
of electroluminescent sulphides imply the presence of mobile 
ions.“44) These may have some subsidiary influence on the 
process. 

These generalized ideas on mechanism are insufficient to 
account for the detail of the emission process. Certain aspects 
have already been discussed, and are not very difficult to 
explain. Thus the blue and green bands in ZnS . Cu arise 
from electronic transitions of different type and speed, they 
are therefore differently affected by change of exciting field 
frequency and give different wave-forms.‘°) Manganese 
activation has a different effect, since its emission is nearly if 
not exactly in phase with the field (Fig. 6). 

It is, however, from the special voltage wave-forms, and in 
particular the pulsed type of excitation, that electro- 
luminescence has been clearly seen to consist of an excitation 
process followed by emission at a time interval controlled by 
the instant of field suppression as well as by the inherent 
phosphor processes. Temporary space charges are built up, 
and the importance of more permanent internal polarization 
has been stressed by Waymouth and Bitter in their work on 
integrated light output under d.c. pulses.“® Incidentally 
they found once again that the manganese emission differs 
from that of copper, confirming that different emission 
processes are involved. 

With the many possible qualitative ideas on the successive 
stages of electroluminescence, and the large approximations 
that have to be made in any quantitative studies of solid state 
processes, no theory can be expected to give an exact account 
of the phenomena, and to decide between alternative theories 
may be difficult. Fresh advances will, of course, be made by 
new experiments, though the directions of progress cannot be 
foreseen at this time. 


APPLICATIONS OF INTRINSIC 
ELECTROLUMINESCENCE 


Applications of electroluminescence are of importance, if 
only to sustain the considerable research and development 
effort which has been made since 1950, mostly in commercial 
laboratories, to bring the phenomenon into the class of useful 
light sources. At present general lighting is not practicable 
because of the low power input and low efficiency of plates 
operated at mains frequency and voltage. Even with voltages 
stepped up to 600 V, a convenient limit if organic dielectrics 
are used, the surface brightness is no more than 1°% of that 
of a fluorescent lamp. Luminous efficiency in lumens per 
watt is less than 10% of that of the fluorescent lamp. There 
are situations where illumination at low levels by uniform 
large areas is valuable, for example in photographic work. 
The probability of improvement by an interesting factor does 
not seem very large, at any rate for low frequency working. 
Experimentally a luminance similar to that of a fluorescent 
lamp surface (0-5-1-0 stilb) has been achieved at high fre- 
quencies and voltages. In view of the lowered efficiency in 
lumens/watt at high frequencies the power input must be 
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enormous and the continued operation of such plates a 
matter of doubt. 

Light output in practicable electroluminescent plates has 
been improved by moderate frequency increase. If the | 
appropriate supply is available, for example the usual 400 c/s 
of aircraft, useful brightness levels can be obtained for the 
operation of information and warning signs. Oscillator 
circuits with transistors will provide adequate power for 
portable devices or instrument panels on vehicles. It has also 
been possible to fill a demand for compact indicator lights in 
a circuit-testing computer, by constructing moulded blocks 
with five separately switched circular spots in each, to work 
at kilocycle frequencies and several hundred volts. 

The colour limitations on electroluminescent devices 
are well known. Green is the usual colour, derived from 
ZnS . Cu, with variations towards blue according to relative | 
excitations of the two bands centred near 4500 and 5200 A | 
(increased frequency favours the blue). A blue without the | 
green band is also possible in ZnS .Cu, and a yellow by 
ZnS .Cu.Mn. Mixtures give ‘“‘near-whites” but colours are 
apt to vary with the electrical conditions. No efficient red 
is known by direct excitation, and filters or cascade processes 
have to be used to produce a reasonable output. 

In U.S.A. the ceramic-embedded phosphor is largely used 
instead of the type described in this article. Vitreous enamel- 
ling techniques are used to build up the condenser on a steel 
backing plate, which may be of any shape, with holes if 
required, and not necessarily plane, and hence much more | 
flexible in design. 

The possible combination of photoconductor surfaces with 
electroluminescent plates, with or without feedback, in order 
to make light switches, information storage devices, amplifiers, 
radiation detectors and converters for light and X-rays have 
been well explored in theory.‘®?: 8 There is much work in 
progress on the development of workable arrangements of 
this kind. The Cusano amplifier is the simplest that has been 
demonstrated, its main limitation is long response time; in 
this it resembles the Nicoll and Kazan amplifier which uses a 
photoconductor detector layer.?) The inherently slow 
luminescent process in the zinc sulphides is also serious for 
many possible applications. The way. these devices will work 
is known, but their realization depends on specific advances 
in both photoconductor and phosphor research, for example, 
the development of evaporated layers is one attractive line of 
work. While such advances cannot be prophesied with any 
confidence, interest in the applications of electroluminescence | 
is likely to persist for a long time, if only because the exciting 
agent, the electric field, is so universally available. 
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The thermal conductivity of nitrogen and argon was measured with a vertical coaxial cylinder 

apparatus. The investigation included the critical region and covered the temperature range 

85 to 200° K at pressures between 1 and 135 atm. The results obtained in this research agree well 
with those obtained by most other authors. 


The investigation reported here is part of a research pro- 
gramme on the molecular transport properties of air and its 
constituents. In an earlier paper“) the authors described the 
measurement of the thermal conductivity of oxygen. Except 
for a few minor modifications the same apparatus has been 
used for nitrogen and argon. 

There have been several previous investigations? © on the 
thermal conductivity of nitrogen within the temperature range 
covered in this paper but only two of these, by Borovik™ 
and by Uhlir,@) covered the critical region and showed the 
effect of pressure on thermal conductivity. The only previous 
extensive research on argon at low temperatures is by Uhlir. 

A knowledge of the thermal conductivity of the constituents 
of air over a wide range of pressure and temperature is not 
only of importance for the solution of practical problems, 
but is also of considerable theoretical interest, particularly if 
the measurements include the critical region of the substances 
investigated. Very few previous investigators studying the 
thermal conductivity of either organic or inorganic materials 
have extended their research into the critical region. In the 
present work, particular attention was paid to obtaining data 
as close as possible to the critical point. 


EXPERIMENTAL 


For details of the apparatus and the experimental method 
the reader should refer to the authors’ paper on oxygen.) 
For the work on nitrogen and argon some modifications were 
introduced, mainly to facilitate the operation of the metal 
block thermostat and to improve the accuracy and repro- 
ducibility of the temperature measurements in the conductivity 
cell. 

The Dewar vessel containing the conductivity apparatus 
and the thermostat had a cylindrical extension fifteen inches 
long fitted to its upper part. This extension was filled with 
Santocel (by Monsanto Ltd.), an insulating powder, and had 
the effect of considerably reducing the heat inleak to the 
apparatus. The amount of liquid nitrogen required for the 
refrigeration of the apparatus was considerably reduced and 
consequently enabled the apparatus to be run for longer 
periods without suffering the disturbance caused by replenish- 
ment of the liquid nitrogen store. 

To provide automatic control of temperature an electric 
heater was wound on the outside of the refrigerated aluminium 
cylinder surrounding the autoclave which contained the con- 
ductivity cell. A platinum resistance thermometer served as 
the temperature sensitive element and was fitted in a hole 
in the aluminium cylinder drilled between the cast-in refri- 
gerating coil and the electric heating element. The thermo- 
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meter was connected to an electronic thermostat (by Fielden } 
Electronics Ltd.) which controlled the current to the heater || 
winding. This arrangement enabled the temperature of the | 
conductivity cell to be maintained constant within a few 
hundredths of a degree for a period of several hours. This | 
was a great improvement over the manual control used | 
previously, as the greater temperature stability enabled the |) 
guard ring heaters to be matched more accurately and the } 
time required to complete a measurement was appreciably 
reduced. 

During the measurements on oxygen some difficulty was )j 
experienced from parasitic e.m.f.’s in the thermocouple 
circuits and from condensation of moisture, and also at the } 
lowest temperature, of air into the stainless steel tubes con- ; 
taining the thermocouple wires. Parasitic e.m.f.’s were | 
almost completely eliminated by making the thermocouples ; 
of multi-stranded wire connected in parallel. Sealing the 
thermocouple wires with a thermo-setting resin at the point } 
where they emerged from the stainless steel tube prevented 
the previously observed effects of atmospheric condensation. 

Purity of argon and nitrogen. The gases used in this }j 
research were taken from commercial cylinders supplied by 
British Oxygen Gases Ltd. According to the manufacturer’s 
specification the nitrogen had a purity of 99-5 and the argon 
a purity of 99-95%. 


RESULTS 


The thermal conductivity of the fluid in the annulus 
between the emitting and receiving cylinder was computed 
from the following equation 


k = QIn(ry/r,)/27L(T, — T>) 


where k (calcm~! deg C~! s~!) is the thermal conductivity, | 
Q (cal/s) is the radial heat flow through the annulus, r, and | 
ry (cm) are the radii of the emitting and receiving cylinders } 
respectively, 7, and 7, (°K) are the temperatures of the | 
emitting and receiving surfaces respectively and L (cm) is the 
length of the emitting cylinder. A conversion factor of 
1 cal = 4-184 joule was used. ) 

The experimental results for nitrogen and argon are} 
tabulated in Tables 1 and 2 and are plotted in Figs. 1 and 2 
respectively. The measurements were made at pressures } 
which were simple fractions or multiples of the appropriate | 
critical pressures to facilitate comparison of the results with } 
those of previous observers. For the sake of clarity the values | 
obtained at pressures of one quarter of the critical pressure } 
were not plotted in Figs. 1 and 2. The critical pressures and | 


temperatures were taken from a National Bureau of Standards 
circular.) 


y 


i 
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Each value of the thermal conductivity given in the tables their temperatures, were very small and in almost all experi- 
s the mean of several determinations at the same temperature ments amounted to less than 1% of the reported thermal 
ind pressure; individual determinations did not differ from conductivity. 
he mean value by more than 1%. The guard ring corrections, The effect of convection on the measurement of thermal 
e. corrections for axial heat flow between the emitting conductivity was discussed in the paper on oxygen.“ Lack 
ylinder and the guard rings due to imperfect matching of of pertinent physical data, however, prevented the evaluation 


Table 1. Thermal conductivity of nitrogen 


Nominal Temperature 104k, Mean AT Number of 

Pressure (atm) reduced pressure State (° K) (cal cm—1 deg C-1 5-1) (deg C) determinations 
0 1/33-5 gas sy) 0-300 5-730 3 
134-1 02375 5-340 3 
158-6 0-370 4-517 3 
Dies 0-400 4-228 2 
USM 0-430 8-25) 6 
202-0 0-460 3-747 2 
8-4 4 liquid 88-2 Dag 2-399 5 
gas ihBkje8) 0-385 4-402 4 
yn. 0-410 4-103 2 
Resqho, 0-440 3-840 3 
201-9 0-470 3-683 2) 
16-8 t liquid 87-7 2°84 PNT) 4 
105-8 DOF 1-448 4 
gas 124-7 0-365 4-789 3 
133-4 0-360 4-711 3 
158-3 0-400 4-172 3 
172-0 0-425 3-949 3 
187-4 0-455 3-726 4 
201 °8 0-480 3-586 2, 
27-6 1 liquid 80:9 3-18 2-019 4 
28-1 80-7 3°19 2-009 4 
Sli gas 164-2 0-460 6-000 3 
188-8 0-490 3-073 4 
202-5 0-510 S)o/s}5y// 3 
B3%5 liquid 87-7 2°90 2-154 4 
105-8 Poa Ne) 1-391 4 
114-6 1-810 0-881 4 
116-1 1-750 1-710 5) 
120-6 13555 1-086 3 
124-1 1-410 0-542 4 
124-1 1-415 I sAleess: 3 
124-2 1-390 0-851 3) 
gas 128-4 0-660 1-038 3 
129-9 0-600 1-873 3 
Sie 0-565 2-983 2 
138-3 0-475 3-318 2 
147-0 0-470 3-424 3 
157-6 0-460 3-625 3 
171-6 0-475 3-560 3 
187:3 0-495 3-440 3 
201-5 0-515 3-360 3 
50-3 1% liquid 105-9 Via) 1-335 3 
116°4 1-830 1-530 2 
pase) 1-440 e219), 2 
127-0 1-380 1-964 3 
128-4 1-330 0-543 3 
128-9 1355 0-849 3 
Wades) 1335 1-258 4 
136-2 1-085 1-440 2 
136-9 0-890 0-811 3} 
139-0 0-835 0-480 3 
139-0 0-885 1-304 1 
139-3 0-805 0-919 3 
139-4 0-810 1-362 1 
147-3 0-645 2-468 3 
156°9 0-555 2-995 2 
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Table 1 (continued) 


Nominal 
reduced pressure 


2 


Temperature 
wet 


Pressure (atm) State 


67-0 liquid 


gas 


100°5 liquid 


gas 


134-0 liquid 


gas 


185: 
200: 


DOUAGCWWBAROWABDONE DAE ANNOUN=WHEORAWY Y 


of Rayleigh’s criterion for the occurrence of convection. The 
reliability of the data in the range most likely to be affected, 
i.e. the critical region, was checked in the present research 
by carrying out experiments with different temperature 
differences across the fluid-filled annulus. Absence of con- 
vection was regarded as proved if the thermal conductivity 
at constant pressure and temperature was independent of the 
temperature difference across the annulus. 

On approaching the critical point along the critical isobar 
it was found that, within a narrow temperature range around 
the critical temperature, guard ring matching became 
extremely difficult, although the temperature difference 
appeared to be small enough to prevent convection in the 


7 


104k Mean AT Number of 
(cal cm} deg C—1 s—') (deg C) determinations 

2:98 2-055 > 
2:60 2-708 4 
PISE'91 1-302 3 
935) 1-490 3 
Les be) 1-796 3 
0-940 1-695 8 
0-730 1-686 4 
0-620 2-694 5 
0-595 2:822 4 
0-600 2-874 2 
3-08 1-984 4 
2:70 Pao fs| 3 
2:46 i232 > 
2-H 1-334 4 
Jas 59 4 
PS Q75) 1-315 me 
1-065 1-590 2 
0-845 1-987 4 
0-755 239 3 
0-710 2:°417 3 
3-16 2-124 5 
2°82 2:470 4 
DoS) 1-167 3 
2-24 0-785 5 | 
955) 1-426 4 
1-530 1-100 2 
1-260 1-349 3 
1-040 1-620 4 
0-915 1-871 4 
0-840 2-067 3 


fluid-filled annulus. Despite the Fluon filler pieces (by 
Imperial Chemical Industries Ltd.) above and below the con- 
ductivity cell, which were arranged to reduce the free volume 
in the autoclave, the thicknesses of the various liquid layers | 
through which heat had to be conducted from the cell to the 
autoclave walls were several times larger than the width of 
the measuring annulus itself. Natural convection, dependent 
on the third power of the thickness of the liquid layer, was 
therefore the most probable cause of the observed difficulties 
which prevented reliable measurements within about 3°K | 
above and below the critical point. In a redesign of the 
guard ring configuration of the conductivity cell, consideration | 


a T 


Ww 


' deg Cy) 


T 


PRAOS= 


Thermal conductivity x 104 (al emi! deq Cle) 


5 10° ome 40 160 ~ 180 200 
Temperature (*K) 
Fig. 1. Thermal conductivity of nitrogen 


Te = 126-135°K. 
Pc = 33°49 atm. 
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Thermal conductivity x 104 (al 


Cc 


140 
Temperature (°K) 
Fig. 2. Thermal conductivity of argon 


Te = 150°65° K. 
P. = 48:0 atm. 
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Pressure (atm) 


1-0 


12-0) 


£923 


24-0 


47-3 


47°9 
48-0 


70°7 
1228 
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Nominal 
reduced pressure State 
1/48 gas 
4 liquid 
gas 
4 liquid 
gas 
liquid 
gas 
1 liquid 
gas 
<4 liquid 
gas 
ii 
liquid 
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Temperature 
CK) 


wii 
142: 
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4 
1 
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Thermal conductivity of argon 


104k 
(cal cm—1 deg C-1 5—1) 
0-160 
-230 
iS 


\o 
N 


Mean AT Number of 
(deg C) determinations 


OLB} 
SES 
827 
INE) 
*464 
466 

488 

650 


283 
451 
262 
“419 
508 
586 


-860 


950 
147 
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Nominal 
Pressure (atm) reduced pressure State 
liquid 
gas 
9525 Z liquid 
gas 
96-0 liquid 
gas 
118-1 24 
120 liquid 
gas 
120 solid 
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Table 2 (continued) 


Temperature 
(Gas 


148: 
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104k 
(cal cm—1 deg C—1 s—1) 


300 


1 


1-280 


a 
nN 
| 


SOSCOR SHB EE EEE ENNNNNYW OSC CODOCOH HHH HEH HENNNN CORPRHRHE HE NN COCO OOOH EHR 


-220 
‘075 
-075 
ods: 


Mean AT 


(deg C) 


1 


-720 


1-314 


We oa eS SSS SOP OW "Srey Site SiS UW sy ey aS eS Ses eh SS oe oS 


613 
-466 
-460 
BOSS) 
873 
094 
i335 
062 
320 
034 


*856 
841 
-124 
*200 
*785 
22 
329 
*497 
w323 


-195 
348 
654 
906 
*565 
-950 
2923 
-090 
*542 
2 33) 
*524 
929 
898 
22 
883 
*844 


“966 
*147 


°612 
Oil 
057 
-596 
093 
IGE? 
*518 
569 
-879 
898 
032 
atOS 
129 
Dy 
335)! 
607 
B959 
*959 
7/331 
“325 


-507 
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ill be given to this point and it is hoped to approach 
le critical point even closer. However, an analysis of the 
ssults obtained on the critical isobar indicated that the 
iterpolation between the experimental values near the 
ritical point, and thus the critical conductivity itself, is not 
kely to be seriously in error. 

At the critical temperature two factors in the Rayleigh 
riterion, namely, the specific heat at constant pressure and 
ne thermal expansion coefficient, fall rapidly from infinity at 
he critical pressure to finite values with increasing pressure. 
‘or pressures higher than the critical pressure, all the terms 
1 the Rayleigh criterion remain finite and the maximum 
alue of the criterion: decreases and occurs at higher tem- 
eratures as the pressure is increased. 

On the reduced isobar 1-5, for example, it was possible to 
btain convection-free data at the critical temperature itself, 
ut not in the interval 5 to 15 deg C above it. No difficulties 
vere experienced in obtaining reliable data (at any tem- 
erature level) at reduced pressures larger than two. This is 
liscussed further below. 


Table 3. 


Nitrogen. The results obtained for nitrogen at the critical 
pressure (P, = 33:49 atm) and about 2 degC below the 
critical temperature are not likely to have been affected by 
convection, since the three measurements at 124°K_ give 
values of thermal conductivity which agree to within +1% 
although they were obtained with different temperature 
differences across the annulus. Similarly three values on the 
same isobar near 130° K obtained with temperature differences 
from | to 3 deg C lie on a smooth curve and do not display 
the steep increase of thermal conductivity characteristic of 
the onset of convection. Lack of time prevented a more 
extensive exploration of this region. 

On the reduced isobar 1:5 (50:3 atm) five values between 
125 and 130° K obtained with temperature differences from 
0-5 to 2 deg C do not exhibit a trend that would indicate the 
presence of thermal convection. There are six results on the 
same isobar between 136 and 140° K and the first of these, 
at 136:2° K seems to be too high. This might be due to 
convection as this point was obtained with a temperature 
difference of 1-440 deg C whereas the next point at 136-9° K, 


Comparison of results for nitrogen with those of other authors 


Thermal conductivity x 104 (cal cm—! deg C-1 s—!) 


Pressure (atm) Eucken 


(12) 
0-288 
0-440 


Keyes 


(11) 
0-280 
0-420 


Temperature 
(CK) 
1-0 
Saturation 3-08 


3305 


50-3 


67°0 


100°5 


160 
170 


VoL. 9, FEBRUARY 1958 


Powers et al 
5 


57 


Borovik et al Borovik Uhlir Hammann This 
(6) (2) (3) (4) Research 
0-310 
0-450 

Be26 AEN) 4-90 2-90 

(extra-pol.) (extra-pol.) 

Beil 3-02 3-01 

3-05 2°83 2°81 

2-60 DIAS 2°40 
De \ 72 2°05 1-990 
1-58 1-65 1-580 
0:62 O25 0-600 
0-52 0-475 0-475 
0:48 0-44 0-455 
0-46 0-460 
0-47 0-470 
2 1-690 
1-20 1-280 
0-73 0-800 
0-64 0-610 

3r35 SiS 3-08 

BS) 2295 2-89 

2:70 2°60 DES 
2:26 2°24 2°16 
1-82 1-89 12795 
1-36 theays) 1-445 
1-03 1-18 1-110 
0-84 0-88 0-810 
On72 0-72 0-680 
0-61 0-64 0-630 
B30 0S 2-975 
2°83 D035 
2:40 2295 
2:01 1-965 
1-67 E655) 
ih O39 1-390 
f13 1-167 
0-95 0-980 
0-81 0-855 
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Table 4. Comparison of results for argon with those of other authors 


Thermal conductivity x 104 (cal em—1 deg C~! s—) 


Pressure (atm) PN 


Keyes 


Kannuluik and Carman This 
(13) 


Temnene (11) EN research 
1-0 90:0 0-140 0-145 0-140 0-150 
170-0 0-255 0-255 0-23 0-255 0-260 
190-0 0-285 0-280 0-26 0-280 0-290 
12-0 90-0 2-82 MSI) 
(10:2 atm) 
110-0 Vows, DBD 
(10:2 atm) 
24-0 90-0 2°87 DANS) 
130-0 1-74 1-740 
48-0 90-0 2:90 2:98 
100-0 2-63 DES 
110-0 Pep 3h) 2:40 
120-0 2-08 2-10 
130-0 1-81 1-790 
140-0 1-54 1-470 
145-0 1-40 hese 
155-0 0-50 0-520 
170-0 0-39 0-390 
180-0 0-38 0-380 
190-0 0-37 0-375 
96-0 90-0 2-96 3-08 
100-0 2-70 2°78 
110-0 2-45 2°49 
120-0 2°20 2°20 
130-0 1:94 1-925 
140-0 1-70 1-650 
145-0 1-57 1-520 
155-0 1-32 1-270 
170-0 0-93 0-910 
180-0 0-71 0-710 
190-0 0-61 0-590 


obtained with a temperature difference of 0-811 deg C, is 
consistent with the others in this region. As the maximum 
value of the isobaric specific heat at this pressure occurs in 
the region of 136° K, Rayleigh’s criterion for convection 
would also reach a maximum near this temperature. 

There is no evidence of the results at higher pressures 
having been influenced by convection. Although they were 
obtained with various temperature differences across the 
annulus they all lie on smooth curves. 

Argon. Similar considerations apply to the case of argon. 
The experimental values on the critical isobar (P, = 48-0 atm) 
are certainly free from convection up to 148° K. Two values 
obtained at 147-:5° K with different temperature differences 
agreed within +0°8%. Above the critical temperature, 
measurements were carried out sufficiently removed from the 
critical point to ensure absence of convection. 

On the reduced isobar 1-5 the two points at 158-2 and 
159-2° K seem to be too high, probably due to convection. 
On the same isobar there are three values near 165° K 
obtained with successively larger temperature differences, 
and it can be seen that this has led to convection and 
anomalously high values of thermal conductivity. Extra- 
polation of the available experimental data towards diminish- 
ing temperature differences suggests a probable value of 
(0:73 + 0:01) x 10-4 cal cm—! deg C—! s—! at 165° K. 

At reduced pressures higher than 1-5 the experimental data 
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do not appreciably deviate from the smoothed isobars of 
Fig. 2, in spite of considerable variations in the temperature 
difference across the annulus. One determination was made 
of the thermal conductivity of solid argon at 83:6°K at 
120atm. A value of 4:27 x 10-4 calcm—! deg C7! 57! 
was found which compares favourably with a value reported 
by Uhlir of (4:2 + 0:2) x 10-4 cal cm—! deg C-! s—! at 
77° K at an unspecified pressure. 


DISCUSSION 


In Tables 3 and 4 values of the thermal conductivity taken | 


from the smoothed plots of Figs. 1 and 2 are compared with 
the smoothed data of other observers. 

Nitrogen. 
of apparatus used by the various authors the agreement 
between previous research? 3->>® and this work can be 
regarded on the whole as satisfactory. Very good agreement, 
however, exists between Uhlir’s data and this work. Discre- 
pancies between the two investigations rarely exceed 4°. 

Compared with Borovik’s data? somewhat larger discre- 
pancies have been observed which occur in two temperature 
regions. At about 85° K the results by Borovik and others ® 
are between 6 to 12% higher than those by Powers and 
others,©) by Uhlir® and by the authors of this paper. Data 
found in the latter three investigations agree at this tem- 
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perature level within +3°%. Larger deviations have also 
been found in the critical temperature range where some of 
Borovik’s results are lower than those by Uhlir and by the 
present authors. These latter discrepancies might have their 
origin in some corrections Borovik had to apply to his 
measurements. Although the type of apparatus used in his 
research should have precluded convection (flat plate heated 
from above) natural convection took place and the observed 
apparent conductivity was a function of the temperature 
difference across the fluid layer. In order to arrive at the 
true thermal conductivity, measurements were carried out at 
several temperature differences and the results thus obtained 
were extrapolated graphically to zero temperature difference. 
This method implies that convection would occur as long as 
there is a finite temperature difference between the heat 
emitting and heat receiving plates. This is in contrast to 
Rayleigh,“® and Kraussold® from whose researches it follows 
that convection must disappear at finite values of temperature 
difference. Borovik’s extrapolation to zero temperature 
difference leads, therefore, to an over-correction for con- 
vection and his values are likely to be too low wherever he 
applied this technique. In the same paper™ Borovik also 
reports some values of the thermal conductivity of gaseous 
oxygen at 7 = 156° K, i.e. about 1:2 deg C above the 
critical temperature, and pressures up to 100 atm. These 
data, too, are lower than those reported by the present 
authors in a previous paper“ and are also lower than the 
values reported recently by Tsederberg and Timrot 
whose data agree well with the present authors’ previous 
research. 

Previously“) a value of 3:28 x 10-4 calcm—! deg C~! s~! 
had been reported for the thermal conductivity of liquid 
nitrogen at 80° K and 33-5 atm by the authors of this paper. 
This agrees well with the value of 3-22 x 10~4calcm~! 
deg C-!s~! at the same temperature and pressure obtained 
from Fig. 1. As has been stated already by other authors, 
Hammann’s data™ are grossly in error. 

Argon. The thermal conductivity of liquid argon has been 
measured before only by Keyes“) and Uhlir.©) The values 
reported by these authors differ by less than 4% from the 
present data. As errors in measurement may amount to 
2%, this agreement is considered to be excellent. 

The apparatus used in this research was intended primarily 
for use with liquids. When used for substances of low con- 
ductivity, i.e. for gases, there is some loss of accuracy, since 
small errors in determining axial heat losses or gains, through 
imperfect guard ring matching, correspond to considerably 
larger ratios of axial to radial heat flow than when the fluid 
in the annulus has a higher thermal conductivity. Such 
measurements therefore provide a very sensitive test for the 
accuracy of the data obtained. As can be seen from Table 4 
the gas-phase data on argon at | atm agree well with those 


by four other observers. Similar data on gaseous nitrogen 
obtained in this research again appear to be slightly too high, 
in comparison with Keyes’s“') and Eucken’s!”) results. The 
maximum deviation from the mean values found from both 
the above references and this research is less than 6°%. 

The opportunity is taken to note the very good agreement 
between Keyes’s data for liquid oxygen“ and those reported 
earlier by the present authors.“!) They are compared in 


Table 5S. 
Table 5. Comparison of results for oxygen 
Thermal conductivity 
x 104 (cal cm—! deg C—1 s—}) 
Pressure Temperature Keyes Zicbland and Burton 
(atm) (°K) (11) (1) 
7:4 Som S512 3°74 
10-5 110-4 2:98 2°94 
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Reflexion electron microscopy at high angles 


By D. H. Pace, M.A., British Paper and Board Industry Research Association, Kenley, Surrey 


[Paper first received 24 July, and in final form 20 September, 1957] 


A commercial electron microscope has been adapted for use as a reflexion instrument with an 
angle of beam deviation of 26:5°. The resolution is, in general, severely limited by the chromatic 
aberration arising from excessive energy losses suffered by electrons scattered through large 
angles. However, when both the axial and field components of the aberration are minimized, 
within the limits imposed by the use of a commercial instrument, a resolution of 600 A is attained. 
Although this is inferior to the resolution of the reflexion microscope at low angles of deviation, 
the high depth of field and the greatly reduced foreshortening give rise to a highly informative 
and readily interpreted image. Micrographs illustrate the method applied to specimens in the 
chemical, biological and metallurgical fields. 


The first attempts to image electrons reflected from a speci- 
men were made by Ruska‘) and later by Ruska and Miiller.~ 
In the latter case the specimen was illuminated at a glancing 
angle and the electrons scattered normally were focused. 
However, the resolution obtained was inferior to that of the 
light microscope, being limited by the chromatic error 
arising from the high energy losses suffered by electrons 
scattered through large angles. Von Borries) showed that, 
by illuminating and viewing specimens at glancing angles, 
the energy spread in the scattered beam could be reduced 
sufficiently to give a resolution of a few hundred Angstroms. 
However the image then suffers from a severe foreshortening, 
and, because glancing angles are used, the method is applicable 
only to the smoothest surfaces. Interest in reflexion work 
lapsed, therefore, with the advent of more refined replica 
techniques but again revived with the work of Kushnir and 
others,“ Fert and Saporte,©) Menter, and Haine and 
Hirst.” In all this work the proposal of Von Borries was 
followed and the total beam deviation was kept low. Incident 
angles (9,) of 0-1-2° and viewing angles (8) of 4-8° were 
common. The desirability of increasing these angles to 
reduce the foreshortening and the amount of information 
lost in shadow is, however, apparent. Menter) concluded 
that no serious loss in resolution occurs for angles of beam 
deviation as high as 14°. In this laboratory a beam deviation 
of 17° has been employed for some time for the examination 
of the comparatively rough surfaces of pulp fibres and 
paper.©>!9 Jt was considered that an even larger angle 
would have been desirable for this study but a limitation was 
imposed by the loss of intensity at higher viewing angles.” 
Such a loss may be counteracted by an increase in incident 
illumination but this would aggravate the effect of beam 
damage which, in the case of cellulosic specimens, is already 
disturbing. This difficulty was eliminated when Bradley !!+!2) 
devised for reflexion work a technique for producing solid 
metal replicas that would withstand the full intensity of the 
electron beam. At about this time Fert and co-workers !2) 
showed that the poor resolution obtained when examining 
metal specimens at high angles is due to the high energy 
losses suffered by electrons in passing through the layer of 
carbonaceous contamination. Furthermore, they showed 
that if the layer is removed continuously during examination 
by bombardment from an ion gun, a resolution of 350A 
may be achieved. Such an approach, however, has the 
limitation that the use of a commercial instrument is excluded 
and that examination is confined to those surfaces unaffected 
by ion bombardment, that is, the surfaces of certain metals. 
An attempt was made at this laboratory“ to evaluate high- 
angle work without the aid of ion bombardment so that the 
method could be applied to metal replicas of biological and 
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other specimens and metal surfaces in general. 
work poor results were obtained because the objective lens 


was operated at long focal length in order to keep instru- | 
This condition | 


mental modifications to a minimum, 


aggravated the chromatic error. In the work about to be 


described, a preliminary account of which has appeared | 


elsewhere,’ great care has been taken to minimize the 


effect of chromatic aberration within the limits imposed by | 


the use of a commercial instrument. 


INSTRUMENTAL MODIFICATIONS 


The main requirement in this modification was that the 
instrument should be readily returnable to transmission 
working conditions. The Metropolitan-Vickers type EM3 
microscope was therefore modified in a manner similar to 
that described by Menter,) a hollow metal wedge being 
inserted between the specimen chamber and the gun alinement 
section. The choice of the angle of beam deviation for this 
work was governed partly by the design of the specimen 
chamber. At an angle of deviation of 22° the incident beam 
is intercepted by the upper flange of the chamber, but if this 
flange is filed away as far as the O-ring recess, angles of up 
to 28° are permitted. Further increase in this angle is not 
readily possible. The angle chosen was 26:5° and a wedge 
giving this deviation was constructed. A specimen stage 
designed in this laboratory“ for reflexion work was employed. 
By filing away part of the specimen carriage, variability of 
tilt with respect to the microscope axis was increased to 26°. 

Because of the high angle of tilt of the gun axis and the 
great weight of the gun and condenser sections there is a 
large bending moment at the gun alinement section. This 
impedes the easy operation of the gun lateral controls used 
in reflexion to scan the specimen. A counterbalancing force 
was therefore provided by means of a weighted rope, passed 
over a pulley, and attached to the condenser lens section. 


THEORETICAL CONSIDERATIONS 


In reflexion work, because of the large voltage spread of 
scattered electrons, the resolution is determined by the 
chromatic aberration of the objective lens. The radius of the 
disk of least confusion d is given by 


d = aC.0V/V (1) 
where « is the semi-angular aperture of the beam accepted by 
the lens, C, is the chromatic aberration constant of the lens, 
5V is the half width of the energy spread of electrons accepted 
by the aperture and V is the accelerating voltage. 
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There is an optimum value of « for which the effect of 
chromatic aberration is balanced by that of diffraction. 
However, because of the relatively large value of 5V/V, the 
optimum aperture is very small and would give an impossibly 
low illumination on the screen. In practice, C, is made small 
by choosing the shortest practicable working distance. For 
the best resolution « is then chosen so that the image is just 
bright enough to be focused and recorded at the necessary 
magnification. In reflexion at low angles the best resolution 
achieved is in the region of 200-250 A. Typical values giving 
such a resolution are: 


Co lcm; =A 5 x 10-7; 0V/Vi 00-0015 


As the resolving power of the reflexion method is at present 
limited by the inability to focus and record low intensity 
images, it is of interest to consider the relationship between 
the theoretical resolving powers that may be attained at high 
and low angles for a given screen illumination. The intensity 
I of the electron beam on the specimen is related to the 
intensity 7, on the screen by the equation: 


I, 0 M~20241 


where M is the magnification and «4 is the fraction of 
incident electrons accepted by the aperture. If the magnifi- 
cation is adjusted so that the plate is just able to record the 
smallest resolved distance d, then, for a given plate, M is 
inversely proportional to d. 


Hence I, oc d*(SV/V)~*h1 
Putting suffixes h and / to indicate high and low angle 
conditions respectively we have for constant sereen illumina- 


tion: 
oe C o ' | 
In. Dp 

It has been estimated from an investigation of the chro- 
matic field aberrations that, provided the specimen is not 
heavily contaminated, (V/V), is approximately 0-01 when 
8, is 21° and Vis 60 kV. Ratio ¢,/¢;, may be obtained from 
data due to Haine and Hirst, and is approximately 5 for 
viewing angles of 6° and 21° respectively, being independent 
of the angle of illumination. For similar values of / this gives 
d,/d,; = 3-8 suggesting a resolution d, of about 800A with 
an objective aperture of 8-0 x 10-4. In practice it has been 
possible to use a slightly smaller aperture of 6-0 x 10~4 
yielding a resolution of 600 A. 

Equation (2) implies that the loss in resolution at high 
angles is accounted for largely by the increase in 6V/V. The 
resolution is, however, dependent on the square root of this 
quantity and is not affected as adversely as might be expected. 
The resolution is proportional to the fourth root of the 
intensity of the scattered beam so that the lower intensity at 
high angles is not disturbing. Equally, no great improvement 
in the resolution is to be expected from an increase in the 
incident beam intensity followed by an adjustment of the 
magnification and the aperture angle. 

The axial distance in object space D,, within which the 
specimen is focused with a resolution better than p(>d), is 
given by the equation: 


dp 
d 


(6 V/ Vp 
(8V/V), 


(2) 


D, = 2(p — d)/a (3) 
When p = 2d, D, is commonly termed the depth of field D 
Therefore D = 2d/a = 2C.6V/V (4) 
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For the high-angle conditions quoted this gives the excep- 
tionally large value of 200 compared with 30 for the 
typical low-angle case. Moreover, because of the reduced 
foreshortening, the extent of the well-defined region on the 
plate is greatly increased. The magnification M that is just 
high enough to permit the plate to record the full available 
resolution d of the image is given by the equation M = kd! 
where k is the limit of resolution of the plate. 

The length L of the in-focus image on the plate is then 
MD tan 4). 

Hence from equation (4) we have 

L = 2k tan 0,/« (5) 
Putting in a typical value for k (40 2) this gives L = 5cm, 
showing that the majority of a lantern plate is in good focus. 
This is a considerable improvement on low-angle reflexion 
work in which only a relatively narrow band across the 
centre of the plate is focused. Moreover L in equation (5) 
is independent of the magnification, implying that most of 
the plate shows a well-defined image at all magnifications, 
even when the resolution is limited by the grain of the plate. 

So far consideration has only been given to the effect of the 
axial chromatic error of the objective lens. There are, how- 
ever, field aberrations that affect the definition of abaxial 
points. These aberrations, which are usually of little 
importance in electron microscopes in transmission or low- 
angle refiexion conditions, become of overriding importance 
in reflexion at high angles when 6V/V is large, and, in general, 
severely limit the sharply-focused area. A three-lens micro- 
scope may be adjusted so that these aberrations are com- 
pensated and it was found essential in this work to do this. 

The coefficient of chromatic difference of magnification in 
a three-lens reflexion electron microscope may be determined 
as a function of the focal length of its lenses, the separation 
m and n between them, and the axial position of the objective 
aperture.“ It may be shown that, for a thin lens system, 
this coefficient vanishes at the approximate condition 

f(m + n) = ymn (6) 
where f is the focal length of the intermediate lens and y 
is a constant depending on the position of the objective 
aperture; y is 2-0 when the aperture is at the centre of the 
lens and 1-5 when it is in its back focal plane. 

The chromatic aberration of rotation is given by the 
equation 

26h /p = dV/V (7) 
where f is the total rotation of the image and 6% is the 
rotational aberration due to the energy spread 6V. The 
aberration becomes insignificant when 6% is less than 
1-5 x 10-3 and, putting in typical values, this implies that ys 
should be less than 20°. 


PRACTICAL CONSIDERATIONS 


The focal length of the intermediate lens required for the 
correction of the magnification error has been found by the 
following procedure. Assuming the focal length to be 
inversely proportional to the square of the lens current, the 
constant of proportionality may readily be found (for example, 
by noting the current when the objective aperture is focused 
on the screen with the other lenses switched off and applying 
the thin lens formula). The current in the lens may then be 
set to give the focal length required from equation (6). This 
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method does not give the correct value sufficiently accurately 
and a series of micrographs must be taken with current 
settings on either side of the theoretical value and the best 
setting selected. The determination is quite critical, a change 
in the lens current of as little as 4°% having a noticeable effect 
on the image quality. However, once this procedure has 
been carried out the same setting gives satisfactory results 
for some time without adjustment. The effect of a gross 
mis-setting of the lens current, 18°% higher than the required 
value, is shown in Fig. 1. Only a very small central region of 
the image is of value. 

The condition for the correction of the rotational aberration 
is fortunately not so critical. In the type EM3 microscope 
the image rotation is less than the necessary value of 20°, 
within the magnification range used, provided that the inter- 
mediate and projector lenses are excited in opposition to 
the objective lens. With the focal lengths of the other two 
lenses fixed by previous considerations the projector lens 
may be used to vary the magnification. A minor modification 
of the lens current circuit has been made to permit continuous 
variation of the magnification in the range 300-1200. The 
pincushion distortion at these magnifications is fortunately 
not excessive. 

The illumination under these conditions is very low and a 
period of dark adaptation is necessary before an image 
magnified 500 times can be focused on the screen even with 
the condenser lens set at critical illumination. This difficulty 
has been overcome to some extent by a method due to 
Menter.®) The objective aperture is raised for focusing, thus 
increasing the angular aperture and hence the illumination. 
It is then lowered for micrography. In reflexion at high 
angles, however, this procedure upsets the condition for 
correction of the magnification aberration, for y in equation (6) 
is altered by an axial movement of the aperture. The method, 
while being useful, is not then entirely satisfactory for high- 
angle work. It should be noted that some electron micro- 
scopes permit the interchange of objective apertures during 
operation and such a facility would be very desirable for this 
work. The replacement of an aperture by one of larger size 
decreases the resolving power and increases the illumination. 


However, the depth of focus, and hence the effect on the . 


image of a change in objective current, is independent of the 
aperture size as can be seen from equation (4). It seems, 
therefore, that the small aperture required for micrography 
could be replaced for focusing by an aperture so large that 
the operation could be carried out with the same ease as the 
focusing of a light microscopical image. The necessity of 
recording the image is therefore the ultimate factor affecting 
the lowest tolerable illumination. With the conditions 
previously mentioned exposure times are commonly of two 
minutes duration at a magnification of about 800 times using 
Rapid Process Experimental plates (by Ilford Ltd.). It 
seems unlikely that a fainter image could be satisfactorily 
recorded. 

For the best resolution the objective aperture must be 
centred accurately. The method of centration described 
below was devised independently by the author, and although 
it is known to be in use at other laboratories, it has not to 
his knowledge been published elsewhere. The method is 
similar to the alinement of the gun tilt in transmission work. 
On taking the objective current through focus the image 
rotates and the centre of rotation may be brought to the 
centre of the screen by adjusting the position of the aperture. 
Using a x10 telescope for viewing the image, the aperture 
may be centred with an accuracy of a few microns and it is 
essential for good results to achieve this accuracy. Alinement 
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of the aperture by variation of the accelerating voltage has 
also been employed but it appears to give the same results 
as the above procedure. Moreover, the voltage alinement 
procedure is more difficult in practice, as a change in the 
accelerating voltage defocuses the beam incident on the 
specimen and consequently reduces the illumination on the 
screen. 

The contamination forming on the specimen affects the 
resolution of the image noticeably after about two minutes’ 
exposure to critical illumination. The effect is seen clearly 
in the highlights of Fig. 6. To reduce the effect a method 
has been adopted that was originally proposed by Chapman 
and Menter!”?) for the prevention of beam damage. when 
examining fibrous specimens. Focusing is carried out on an 
area to the side of the specimen and the area of interest is 
moved into the beam immediately prior to taking the micro- 
graph. During the exposure the condenser lens is over- 
focused sufficiently to give even illumination over the field 
of view so that the contamination formed is not appreciable. 

The use of a small angle of illumination (between | and 3°) 
is stated by Fert“® to be essential for a good resolution. 
However this does not seem to be the case for this work. 
Angles of illumination have commonly been about 5°, and 
in some cases angles as high as 10° have been employed 
without a serious deterioration of the image quality. 


DISCUSSION 


The relative merits of this and other microscopical methods 


may now be critically discussed. The image is very similar — 
to that produced by the scanning reflexion electron micro- — 


scope.'!?: 20) The great depth of field and the oblique view- 


point in both instruments permit a specimen to be observed | 


in what is, for many purposes, its most informative aspect. 
The contrast mechanism is, however, different from. that 


produced in the scanning microscope in which detail may be ~ 


seen in the shadowed regions. While in many instances this 


Fig. 2. Relation between resolution in object and image 
space 
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By D. H. Pace, M.A, 


The magnification of Figs. 3-7 is indicated by the scale 
ellipse, of diameter shown, in accordance with Emerton’s 
system |Research, 7, p. S 56 (1954)] 


Fig. 1. Specimen support grid, 200 bars per inch, 
showing effect of chromatic magnification aberration 
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Fig. 4. Human hair 


Fig. 5. 
Tissue 
paper 
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Fig. 6. Growing face of 
copper sulphate crystal 
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Fig. 7. Polished brass 
surface after passage of 
spark discharge 
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An improved spray droplet technique for quantitative electron microscopy 


By H. L. Nixon, M.A., and H. L. Fisuer, B.A. 
See pages 68-70 


Fig. 1. Field showing large droplet which has been 


me 


in 


contact with the wall of the apparatus and become 

contaminated with calcium chloride and Teepol R. The 

smaller droplet trace shows partly aggregated tobacco 
mosaic virus and latex particles 


Fig. 2. Typical droplet trace suitable for counting. 

Note clear outline, the result of including bovine serum 

albumen in the sprayed fluid. The albumen layer is 
puckered in the lower left corner 
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Fig. 4. Trace containing a large aggregate of kaolin 
flakes 


: eS f 
Fig. 5. Trace from a similar kaolin preparation, dis- 
persed by treatment with sodium hexametaphosphate 
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Reflexion electron microscopy at high angles 


extra information is valuable, the image may not then be so 
readily interpreted. Moreover, loss of information in shadow 
is only a serious drawback at very low angles of illumination 
and such a restriction has not been found necessary in this 
ag 

_ The ability to resolve a feature in the reflexion microscope 
is dependent on the orientation of the feature in the specimen 
plane. If d is the resolving power of the microscope and 
a, d,, d, the smallest resolved distances in the x, Whos 
directions (Fig. 2) we have 


\ 
_ Features in the z direction are recognized by their shadow 
and the ability to resolve such a feature may be considered 
as the ability to resolve its shadow. 


deed 
d, = d cosec G,, 


Hence d, = dsin 0, cosec (8, + 45) 


The table gives the three resolutions attained in typical 
ases of low-angle and high-angle reflexion and in the scanning 
eflexion electron microscope. It will be seen that the 


Resolution of different reflexion instruments 


Type of reflexionmicroscope 0; 0 5,. dy "rhe lacs B 
ligh angle Dt ea 2dce* GOONS 1500-50 
Low angle oe 6° _250=— 2400 65 
pening — 25° 250 600 250 
. (say) ; 


ining microscope, when used under its highest resolution 
conditions, has a superior resolution to both reflexion micro- 
scopes. However, because it lacks the shadow magnification 
effect it is inferior in resolving small features in the z direction. 
In spite of the intrinsically higher resolution of the low-angle 
reflexion microscope, because of the considerable fore- 
shortening d, and d, are inferior to the high-angle case. 

The micrographs (Figs. 3-7) illustrate the high-angle method 
applied to subjects taken from biological, metallurgical and 
chemical fields. : 

Fig. 5 shows the surface of a tissue paper made for use as a 
capacitor dielectric. The surface is sufficiently rough to 
prevent useful observation by the conventional low-angle 
method. Angles 0, and 8, were approximately 8 and 18-5° 
Tespectively.° 

The growing face of a copper sulphate crystal is shown in 
Fig. 6. The smallest growth step visible is approximately 
200 A high. 

A spark discharge was allowed to pass between the brass 
surface shown in Fig. 7 and a probe held above it. The 
crater in the top centre of the micrograph and the spherical 
particles are typical of the disturbance of the surface caused 
by this treatment. It seems likely, though it is by no means 
certain, that the transparent bubbles seen on parts of the 
surface are an oxide layer formed during the discharge. The 
presence of such bubbles or blisters, not so perfectly formed 
as in this micrograph, has been demonstrated by Hirst and 
Halliday?) in their study of oxide films in the reflexion 
electron microscope. 

In Figs. 4-6 the specimen has been replicated in copper- 
backed silver by Bradley’s replica method.“!!> !?) 


CONCLUSION 


A commercial electron microscope used in reflexion at high 
angles represents an additional microscopical method that 
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may be of value in many fields. The reduction of the fore- 
shortening-to a more reasonable value, combined with the 
great depth of focus, give the image a realistic three-dimen- 
sional appearance that is comparable only with that produced 
by the scanning electron microscope. Because of the higher 
angles of illumination and viewing, rougher surfaces may be 
more usefully examined. The method has a resolving power 
of 600A in the direction perpendicular to the plane of 
incidence. While this is inferior to that claimed by Fert 
using ion bombardment, the method is more versatile, being 
applicable to the study of all metal surfaces and metal replicas. 
Moreover, the method can be used by the simple adaptation 
of a commercial instrument, and although more attention 
must be paid to the reduction of the chromatic error, it is 
not appreciably more difficult in operation than conventional 
reflexion work. 
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An improved spray droplet technique for quantitative 
electron microscopy* 


By H. L. Nixon, M.A., and H. L. Fisuer, B.A., Plant Pathology Department, Rothamsted Experimental Station, 
Harpenden, Herts. 


[Paper received 9 October, 1956] 


Improvements are described to the spray droplet method of Backus and Williams“ for direct 
particle counting by electron microscopy. Decreasing the droplet size makes it possible to use 
much higher magnifications without sacrificing the ability to photograph each droplet trace 
entire on one frame, and droplets of the desired size are sorted and collected in a reproducible 
manner in a cascade impactor. The technique is also useful for studying the state of aggregation 


of a suspension. 


Some factors affecting the accuracy of measurement of the polystyrene latex standard particles 
are discussed. Different methods yield different values, and there is at present no valid basis for 


selecting the best estimate. 


A number of different techniques have been proposed for 
making estimates of particle concentration by electron 
microscopy. In all these methods except one“! 7) the sampling 
unit is the field of view of the electron microscope in use, 
and the main intention of the technique is to ensure that the 
particles are uniformly distributed over the mount so that 
randomly selected fields of view may contain a random 
sample of the material.?-© However, the very nature of 
the specimen preparation process, involving the formation of 
a dry mount from a liquid suspension, makes this essential 
condition very difficult to satisfy and always a little uncertain 
of achievement. 

The spray droplet technique of Backus and Williams: 
avoids all these difficulties by transferring the sampling from 
the electron microscope mount to a spray gun, which is used 
to make droplets small enough for a single dried trace, 
containing both unknown and standard particles, to be 
photographed entire on one frame. The volume of the 
droplet when it left the spray gun and the concentration of 
the unknown particles may then be estimated from the 
known concentration of standard particles by counting each 
species in each of a number of droplet traces. Williams and 
his co-workers have since shown that the method is capable 
of a precision limited only by statistical considerations and 
the accuracy with which the concentration of standard 
particles is determined.@: 7-!®) Nevertheless, there are some 
practical limitations which make the method difficult to apply 
as a research tool, and the main purpose of this paper is to 
describe modifications by which these limitations can be 
overcome. 

The shortcomings of the original method are: (i) nearly all 
the droplet traces are too large to permit the use of adequate 
magnification and at the same time retain the essential con- 
venience of photography of each trace entire on one frame; 

(ii) the catching of a suitable density of droplets of a 
convenient size on filmed grids is a highly uncertain process, 
as the spray gun is merely directed towards the grids from a 
distance of some feet over open bench. A low pressure, low 
velocity sprayer (atomizer), although easier to use, is no 
real answer to the problem because it produces a higher 
proportion of larger, unwanted droplets; 

(iii) the standard particles are too large for counts of 
maximum accuracy with minimum labour, for which it is 
necessary to have the two species present in roughly equal 
numbers. This limitation becomes more serious as the 
droplet size is reduced, when the standard particles, if too 


* Originally presented at the Annual Conference of the Electron 


Microscopy Group of The Institute of Physics held in Reading, 
July 1956. 
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large, come to occupy a high proportion of the area of the 
trace, and small unknown particles may be missed in counting 
when they lie under the edges or in the shadow of the much 
larger standard particles. 


DROPLET SIZE AND TRACE DIAMETER 


The upper limit to the trace diameter is set by the field 
of the microscope, coupled with the necessity to use a high 
enough magnification to ensure proper resolution of the 
detail desired.“ For counting plant viruses, electron 
optical magnifications of 8-12000 have proved suitable, and 
this permits the photography of circular droplet traces up to 
about 3-5 yw in diameter in a frame 5 cm square. Experiments 
indicate that, under our conditions, such traces arise from 
droplets which are about 2 u in diameter immediately before 
impaction on the supporting film. 

The deposition of small spherical particles on surfaces of 
various kinds has been studied by Gregory,“?>!% using a 
wind tunnel. He found that the trapping efficiency of a 
surface goes down as the area of the surface increases, as the 
size of particle being caught becomes smaller and as the 
wind speed decreases, so that the efficiency of an extended 
surface, such as an electron microscope specimen grid resting 
on a glass slide, is vanishingly small for 2 particles in winds 
of only a few metres per second. It is therefore clear that, 
even if the air close to the grids contains a high proportion 
of droplets of the desired size, only very few will be caught 
on grids merely exposed in the open; under these conditions 
the grids will always catch a high proportion of larger, 
unwanted droplets for which their surface is a more efficient 
trap. Some device to select out and catch droplets of the 
desired size is therefore necessary. These requirements are 
met by the cascade impactor,“*) which we have used for 
the purpose. The instrument is easily adapted to the needs 
of electron microscopy by attaching one or more filmed grids 
to the desired slide by means of cellulose tape arranged to 
secure the grids by one edge so that the centre of the trace 
produced by the impactor passes through a diameter of each 
grid. Either collodion or formvar membranes may be used. 
but not unsupported carbon films as these are destroyed by 
the high velocity air stream in the impactor. 


THE STANDARD PARTICLES AND THEIR 
MEASUREMENT 
Probably the most important source of error in a methoc 
of this kind lies in the determination of the concentration 0 
the standard particles. We have used as a source of standar¢ 
particles the smallest of a new series of polystyrene latexe: 
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nade by the Dow Chemical Co., Midland, Michigan, U.S.A., 
ind designated by them LSO40A. It has spherical particles 
lominally 880 + 80A in diameter,“ a size convenient for 
vork with plant viruses. This value for the diameter was 
ybtained by measurement of electron microscope images 
btained under carefully controlled conditions, and similar 
neasurements in this laboratory have yielded an estimate of 
50 + 33A for unshadowed particles under conditions of 
ninimum electron bombardment. It is possible to make a 
ough estimate of the reliability of these measurements by 
xamining the much larger body of data for the original Dow 
olystyrene latex 580G, the diameter of which is generally 
wecepted to be 2590 A. The large difference in particle size 
nay alter the relative importance of the many factors affecting 
he measurements, but it is reasonable to assume that broadly 
imilar considerations apply to both cases. The value of 
2590 A is the mean of a number of estimates made in different 
aboratories,"® but there are on record a number of dis- 
repant estimates, also obtained by electron microscopy in 
various other laboratories.“7-*!) Low molecular weight 
naterial in the latex suspensions may coat the particles and 
vause the diameter to be overestimated,?" and similar errors 
nay result from electron-beam induced contamination.“5) 
<rrors in the opposite sense may be caused by exposure to 
in intense electron beam without previous irradiation at a 
ower intensity.(2 

Because the measurements which went to make up the 
2590 A value were in good agreement with each other, it is 
ard to escape the conclusion that the particles were, in fact, 
lose to 2590 A in diameter when they were photographed. 
The 2590 A value may therefore be acceptable for use when 
he particles are to serve as an internal standard of magnifica- 
ion and shadow angle, within the limits imposed by the 
1ecessity to keep both the duration and the intensity of 
slectron irradiation to’ a minimum. However, for the 
Iresent purpose it is the diameter in liquid suspension which 
Ss required, and measurements which lead directly to this 
without the complications involved in electron microscopy 
are therefore of special interest. There is an estimate at 
2720 A by light scattering,@”) but the method is not accurate 
enough to enable the value to be distinguished clearly from 
he 2590A one derived from electron microscopy. Sedi- 
mentation in the ultra-centrifuge yielded a value of 
2520 + 20 A, and the method is an attractive one because 
»f the simplicity of the assumptions involved.2) The inter- 
yarticle distance has also been measured by X-ray methods, 
yielding results of 2740A,2@% 2731 + 3A,2) 2687-5 + 
{-2A?%® and 2830 + 20A.2” The question of what is 
‘eally measured in this way, and its relation to true particle 
jiameter, is complex, since interparticle spacing is clearly a 
lifferent quantity to particle diameter. 

From this review we conclude that there are good reasons 
‘or thinking that the accepted value of 2590 A for the Dow 
380G latex particle may be a much less accurate estimate 
han it was first thought to be. At present there is no satis- 
factory way of telling which of the many estimates is closest 
‘© the true value. For the LSO40A latex which we have 
ised, a corresponding uncertainty in the measurement of 
jiameter would lead to an error of up to 30% in the mean 
yarticle mass, and hence also in all particle counts. In these 
circumstances we have thought it best to accept, for the time 
yeing, the electron microscope value of 880 + 80A for the 
nean diameter of the LSO40A_ latex./°) Making this 
assumption, and taking the density of polystyrene to be 
{-05 g/cem?, the mean mass of a single LSO40A particle is 
mers: X 10—1° g, « 
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THE SPRAY SOURCE 


We have tried a wide variety of home-made and proprietary 
sprayers of both high and low velocity patterns, and although 
all have given some droplets of the desired size, we have found 
the type A54 air brush (by The Aerograph Co. Ltd.) to be 
the most satisfactory. This is a high pressure spray gun, 
made of metal, and intended to work with small samples. 
The cup holds only 1-0 ml., and 0-2 ml. is quite sufficient 
to operate the instrument and prepare mounts. 


EXPERIMENTAL METHODS 


The air brush is arranged to deliver spray into one end of 
a cylindrical glass mixing chamber, 15 cm long and 5 cm in 
diameter. Here it is mixed with additional air drawn in 
from the room through a jet dust trap, as the cascade 
impactor requires a flow of 17:51./min, and the air brush 
only provides 1-4 |./min according to setting. The impactor 
is fitted to a rubber stopper which closes the end of the 
mixing chamber remote from the air brush, and the suction 
line to it passes through a flow meter (by The Rotameter Co. 
Ltd.) so that the rate can be set to the value desired. It is 
usually convenient to use stage 3 of the impactor, although 
there is, of course no reason why any other stage should not 
be used if required. Stages earlier than the one in use are 
fitted with blank slides wrapped in filter paper, and these, 
together with the whole of the inside of the mixing chamber 
and impactor, are coated with a mixture of Teepol R (by Shell 
Chemicals Ltd.) and calcium chloride, so that droplets which 
come into contact with the walls of the apparatus, and thereby 
become contaminated, can be easily recognized and rejected 
from the counts (Fig. 1, p. 66). Unless this is done, statistical 
tests indicate that a small proportion of droplets have had 
their origin in a material with a different composition from 
the majority. Such droplets are possibly formed as satellites 
on the impaction of much larger, unwanted droplets in stages 
1 and 2 of the impactor, and perhaps also on the walls of the 
mixing chamber. The specimen for spraying should contain, in 
addition to the “unknown” particles, about 10!! latex particles 
per ml., and approximately 1 part in 3000 of bovine serum 
albumen.‘ If it is not already substantially free of dissolved 
salts it must be dialyzed against water or against a volatile 
salt such as ammonium acetate, benzoate, chloride, carbonate, 
or succinate.) If this is not done the presence of salt 
crystals may interfere with counting. Spraying times are of 
the order of one to five seconds for the sizes of mixing 
chamber given, with the air brush adjusted so that the 
emerging spray is just visible in a good light. Under these 
conditions it takes about one second for the mist to pass 
from the air brush to the impactor, and there is a con- 
centration of 70: 1 as a result of evaporation of water from 
the droplets in flight. This factor may be increased if desired 
by lengthening the mixing chamber, but the conditions then 
become very critical, and any slight alteration, for instance in 
room temperature or humidity, may result in total evaporation 
of the wanted droplets prior to collection. It is usually 
advantageous to shadow the mounts before examining them 
in the electron microscope, and if it is known that they will 
only be required for counting and not for detailed mor- 
phological studies, recognition and counting are made easier 
if the shadow layer is rather thicker than usual. Counting 
may be done from photographs, or, if the numbers of particle 
are small, it may be possible to count directly from the 
viewing screen of the microscope. 

The x? test is a useful one for testing the validity of the 
assumption that all the droplet traces selected for counting 
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have come from a common source, and we have found it 
convenient to accept values of x? which correspond to values 
of p which are greater than 0:05. A further check on a long 
series of counts is given by the distribution of p.?® The 
fact that the cascade impactor selects only a very narrow size 
fraction from the wide range produced by the air brush 
makes it necessary to check that there is no change in the 
ratio of standard to unknown particles over a wide range of 
droplet sizes before it can be assumed that the common 
source indicated by the x? test is, in fact, the fluid sprayed. 
Careful tests have failed to show any variation of ratio with 
droplet size, and nothing in our experience with the method 
has suggested that there is any reason for suspecting trouble 
of this kind. Estimates of error may be made by any of the 
usual methods, or by the rapid approximate method of 
R. A. Fisher.@®) 

The method as described was intended for counting plant 
virus particles. Nevertheless, the most rigorous check on the 
actual counting technique is made by counting a number of 
samples forming a dilution series of one polystyrene latex, 
the “unknown,” against another latex, the “standard,” 
having a different particle size, and present in each sample 
at the same known concentration. This avoids any complica- 
tions over purification, aggregation or disintegration of a 
labile virus particle, and has the added advantage of checking 
at the same time the calibration of one latex against the 
other. The results of such an experiment are shown in Fig. 3. 
Here the concentration of LSO5S5A particles, 1880 + 80 inA 
diameter," as determined by electron microscope particle 
counts using the LSO40A latex as a standard, is plotted 
against the concentration of LSOS5A particles added, as 
calculated from the known diameter and the dry weight 
present. The apparent departure from complete recovery is 
almost certainly due to a difference in the calibration of the 
two latexes, and not to an actual loss of particles in the 
analyses. 
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Fig. 3. Number of LSOSS5A latex particles added, per 


ml. of suspension, calculated from dry weight present, 

versus numbers of LSOSSA particles found, per ml. of 

suspension, by electron microscope counting against 
standard suspension of LSO40A latex particles 


= points obtained by visual counting on electron microscope 
screen. 


® = points obtained by counting from photographic plates. 
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The same technique is also a useful one for studying the 
stage of aggregation of a suspension. 


sure whether an observed aggregate was existing as such in 


the liquid suspension, or whether it was formed during the 


drying of the liquid on the mount. Using the spray droplet 
method, and working at very high dilution so that there is an 
average of fewer than one particle (or aggregate) per droplet 
trace, it is certain that any aggregate found was present as 
such in the liquid. Figs. 4 and 5 (see p. 66) show droplet 


traces made from kaolin suspension before and after disper- | 


sion with sodium hexametaphosphate. 
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A property of a buckled elastic rod 
By G. A. V. Lear, B.Sc.,* Hosiery and Allied Trades Research Association, Nottingham 


[Paper first received 25 June, and in final form 30 July, 1957] 


One shape assumed by a perfectly elastic rod buckled by appropriate forces and couples at its 
ends is studied. It is shown that the ratio of maximum height to maximum width is independent 
of the material of the rod. Also, this ratio is linearly related to the distance between the ends 
of the rod expressed as a fraction of its length, provided the fraction is roughly less than one half. 


THEORETICAL INVESTIGATION 


Vhen a pair of balancing forces, with or without a pair of 
valancing couples, act at the ends of a perfectly elastic and 
iaturally straight rod, so as to buckle it, the form of the curve 
ssumed by the deformed rod is called an elastica. In this 
1ote we shall investigate a property of the particular elastica 
hown in Fig. 1. Here the naturally straight rod ABA’ is 


Y 


U 


A 

Al) L ; 
P Cc @) C P 

Fig. 1. The elastica 


yent by two equal and opposite forces P, whilst the tangents 
‘o the curve at 4 and 4’ are kept parallel, and perpendicular 
0 the line of action of P, by the application of equal and 
»pposite couples C, as shown. 
_ Take rectangular axes Oxy with origin O at the mid-point 
yf AA’, and Ox along the line of action of the forces P. Let 
T be any point of the elastica, where arc AT = s; and let 7 
ye the angle between the tangent to the curve at T and the 
yositive direction of Ox. The length of the rod is L and 
AA’ = aL. 
' Taking moments about T for the portion AT of the elastica 
ZiVes 

BdO/ds = Py — C 


where B is the flexural rigidity of the rod, assumed to be 
constant throughout its length. Writing 


bab Pee=-C Pp, 
this equation becomes 
b?d0/ds = y —c. (1) 


Now dy/ds =sin6, and equation (1) becomes, after 
ntegration, 
y2 — 2cy = — 2b? cos 9, 


since, at A, y = 0 and 0 = n/2. 
Adding c* to both sides of this equation gives 


(y — oc)? = c? — 2b* cos 0 
= c2 + 2b? — 4b? cos? 0/2. 


* Now at Leicester College of Technology. 
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Let cos « = c?/2b?, and write 


cos (8/2) = k sin d (2) 
where &k = cos («/2). Then 
y—e¢= + 2bk cos > (3) 
If 6 = do when 0 = 77/2 at A, then from (3), 
—c = + 2bk cos do (4) 


since y = 0 at A. Thus equation (3) may be written 
y = + 2bk (cos g — cos ¢o). 
Again, from (1) and (3), 
b?dO/ds = + 2bk cos d 


(3a) 


and from (2), 
d0 = — 2k cos ¢ dd/(1 — k? sin? ¢)+ 
Therefore 
ds = = b( — k* sin? ¢)~? d¢. 


Integration gives 
7 
Cytspse 6] (1 — k* sin? d)~? dd, 
Yo 


no integrating constant being needed since s = 0 when ¢ =do 
This expression for s may be written 


s = +bLFtk, $) — Ftk, $o)], ©) 


where F(k, ¢) is an elliptic integral of the first kind with 
modulus k. 

Now at the point B of the elastica, s = L/2; also 6 = 7 
and accordingly ¢ = 0. Putting these values in (5) gives 


L/2 = Fl — Fk, bo)] (6) 


The left hand side of this equation is always positive and, 
since 6 and F(k,¢o) are positive also, the upper sign in 
equations (6), (5), (3) and (3a) must be taken. Equation (6) 


then gives 
b = L/2F(k, $0), (6a) 
and from (4), 
cos $y = — ¢/2bk. (4a) 
Next we have 
dx/dy = cot 0 


Thus dx/db = cot Ody/dh 
= b[2(1 — k? sin 26)t — (1 — k? sin? $)—4] (7) 
Integrating, 
x = b[2E(k, ¢) — F(k, 4)] (8) 


where E(k, ¢) is an elliptic integral of the second kind with 
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modulus k. No integrating constant is necessary since x = 0 
and ¢ = Oat B. 
At A, 6 = do and x = aL/2, and from (8), 
aL/2 = b[2E(k, $o) — Fk, fo) |. 
Substitution for b from equation (6a) gives 
a = [2E(k, $o) — Fk, $0) /FK, fo) (9) 


Now consider the maximum value of x for the case in 
which it is greater than OA. This maximum value occurs 
when dx/dd = 0, or 

2(1 — k? sin? )? — (1 — k* sin? g)-* = 0 
from (7). This leads to 
sin bm = 1/k/2, cos bd» = c/2bk, 
where ¢,,, is the value of ¢ when x is a maximum. The positive 
sign is taken since ¢,, < 7 and $y, ~ $9. If dis the greatest 
total width of the elastica, 
d = 2b[2E(k, $m) — Fk, bm)] 

The maximum height D of the elastica is equal to OB, 

and is found by putting ¢ = 0 in (3a). This gives 

D = 2bk(1 — cos ¢o) 
Thus D/d = k(1 — cos $o)/[2E(k, bm) — Fk, bm)] (10) 
Equations (9) and (10) may be regarded as parametric equa- 
tions for the relationship between D/d and a, the parameter 
being k. It follows that D/d is independent of the elastic 
properties of the rod. 

Numerical calculation shows that this relationship is 


linear so long as d> aL (i.e. if a< 0:46). The equation 
of the relationship is 


D/d = — 2-72a + 2-08 (11) 
From this equation it can be seen that if a = 0, i.e. if the 


two ends of the elastica are brought together, the ratio 
D/d = 2:08, irrespective of the material or length of the rod. 


EXPERIMENTAL CONFIRMATION 


The above theory was checked by experiment. Strips 
made from materials with entirely different elastic properties 
were used, namely (i) spring steel, (ii) phosphor bronze, 
(iii) acetate film, (iv) drawing paper. Values of D/d were 
obtained for several values of a in each case and the results 


Fig. 2. Relation between D/d and a 


x, spring steel; O, phosphor bronze; 0, acetate film; 
A, drawing paper. 


are plotted in Fig. 2. The line given by equation (11) is 
drawn on this figure and it will be seen that the experimental 
results are in good agreement with it. 
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The influence on the stress distribution in an adhesive lap joint 
of bending of the adhering sheets 


By A. S. McLaren, B.Sc., A.Inst.P., and I. MAcINNgEs, A.R.C.S.T., Grad.Inst.P., The Royal College of Science 
and Technology, Glasgow 


[Paper first received 22 July, and in final form 30 August, 1957] 


The mathematical analysis of Goland and Reissner of the effect of deformation due to load is 
examined photoelastically and extended to cover a wider range of suchlike deformations. It 
is shown that introduction of a bending moment in the sheets opposite to that occurring in the 
conventional joint can produce a stress distribution on the glue line free from high normal 
stresses and fairly uniform in shear. A modified design of lap joint to ensure this is proposed. 


INTRODUCTION 


The normal adhesive lap joint, whether of wood to wood or 
metal to metal will usually consist of a thin layer of synthetic 
resin adhesive between much thicker adhering sheets, or 
adherends, the length of the overlap being again large in 
comparison with the sheet thickness. It cannot be assumed 
that the load is evenly distributed over the adhesive area and 
photoelastic examination of the stress distribution in an 
enlarged adhesive layer between steel bars had shown that 
serious stress concentrations are liable to arise on the free 
end surfaces of the adhesive, particularly at the leading 
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corners.) The position and magnitude of the stress con- 
centration was shown to depend particularly on the contact 
angle of the adhesive to the adherend. Apart from this end 
effect, the adhesive appeared to be in a state of fairly uniform 
shear throughout the length of the overlap. 

Mathematical attempts to deduce the stress distribution, in 
particular by Volkersen® and by Goland and Reissner,®) 
assume uniformity of stress across the thickness of the layer 
and so are not capable of resolving the factors leading to 
variation across the free end surface. Nevertheless, they do 
discuss the variations along the length of the joint in a manner 
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hich should give values which bear some relationship to the 
lean stresses. Both papers allow for the effect on stress of 
yme of the resulting deformation, Volkersen for the length- 
ise stretching of the adherends [Fig. 1(a)], assumed to 


(a) 
(b) 


(c) 


Fig. 1. Effect of elastic deformation of joint considered 
_by (a) Volkersen, (6) and (c) Goland and Reissner. 
Normal boundary stresses on joint shown in (6) and (c) 


| 


»main straight, and Goland and Reissner for the rotation of 
le joint with the bending of the overlapped, and hence not 
ilinear, adherends [Fig. 1 (b) and (c)]._ Both papers find that 
\e particular stresses considered should, in general increase 
‘a going from the centre towards the end of the adhesive, 
‘it Goland and Reissner show that the greater the bending 
/-oduced by the applied load, the less should be this relative 
“crease. 
|The photoelastic examination described in this paper 
‘ntres around the significance of this last point. Mylonas’s 
sts,“ using steel adherends of Young’s modulus and 
-xural rigidity of a very much higher order than that of the 
‘ihesive layer do not allow the effects of load deformation 
be observed. Substitution of the steel adherends by similarly 
mensioned ones of elasticity more comparable with the 
‘thesive allows the effect of the bending to be examined 
“rectly. The effect of stretching is, however, likely to be 
o) no significance in a joint sufficiently enlarged in thickness 
to be examinable photoelastically. The analysis of Goland 
lid Reissner, therefore, is followed exclusively. 
+ Goland and Reissner consider the two extreme cases where 
je to variations in elastic moduli and dimensions of 
‘lherends and of adhesive, the strain energy can be regarded 
- being localized in (a) the adherends, and (6) the adhesive 
-yer. In the former, where the adhesive is relatively un- 


A 
D 
a 


X 


Fig. 2. Diagram of joint to which load is applied as a 
| distributed boundary stress by adherend 
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strained this layer is thought merely to transmit stress applied 
to one side to the other and so this layer is omitted in the 
analysis. The problem becomes then the stress distribution 
in a beam of thickness 2 ¢ and length 2c due to the loads 
applied by the adherends of thickness ¢ and off centre at the 
ends, it being appreciated that the two applied tensions must 
be collinear and pass through the centre of the joint. In 
case (b) the main difference is the presence of a central layer 
of thickness 7 of different elasticity (Fig. 2). 

The resultant force T applied by the adherend to the face 
ABC is analysed into a longitudinal tension, which can be 
taken as T for a long joint and acting at D, the mid-point of 
AB, a shear force Vp and a moment My; Mg will be the bending 
moment in the adherend just free of the joint. As the 
adherends are regarded as cylindrically bent plates, the linear 
stress distribution from tension at one side to equal com- 
pression on the opposite associated with a bending moment 
Mp in such a plate is assumed to exist across AB. Mp is put 
equal to K(T x 41) and so the boundary loads applied to 
the joint in cases (a) and (6) are: 


aty=—c (a) (b) 


a) =P +PK(6; 3) O< x On x1 
Y. 


L=0 Lax 26 UR 2 ey 

Be == SEC 

[ =0 OSX at O< x= t+ 
| = p + pK(9 6) 1<x< 2 tty<x<wty 


and the stresses are calculated on the assumption that no 
deformation enters to alter these. It is assumed that the only 
effect of the load on the geometry of the problem is to produce 
a rotation of the joint about its centre and relative to the line 
of action of the load [Fig. 1(c)], this rotation reducing the 
factor K. The shear forces are omitted from the calculation, 
being reckoned small. 

Now it is apparent that as the line of action of the applied 
loads T passes through E on AB that the factor K = DE/DB 
and that the effect of variation of K can be tested just as 
correctly by changing the direction of the applied loads as 
by loading the adherends centrally and allowing bending to 
take place. As will be discussed later, this allows exploration 
of a wider range of values of K than could be produced by 
bending alone and was used to broaden the examination of 
stress systems in joints. 


EXPERIMENTAL 


Two series of tests were performed. In the first, the lap 
joint consisted of adherends each 4 in. thick, adhesive layer 
of thickness varying between zero and + in., the whole model 
being cast in one of Araldite (by Aero Research Ltd.) (100 
parts F, 20 parts 33/980, 11-5 parts Hardener 951). In the 
second, intended to simulate more closely Redux-bonded 
aluminium, where the adhesive layer has a Young’s modulus 
about 1/20th that of aluminium, the adhesive layer was cast 
instead from Araldite consisting of 100 parts F, 70 parts 
33/980 and 9 parts 951. In the former, the effect of thickness 
of adhesive and of direction of applied load were examined, 
a more detailed study being made where the adhesive had 
zero thickness. In the latter, the effect of angle of inclination 
of free end of adhesive surface was also studied. 

Technique. A suitable mould was prepared by pouring 
Vinamold (by Vinatex Ltd.) HMC.18 around a replica of the 
whole model, or adherend or adhesive as required. Araldites 
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F and 33/980 were premixed by tumbling in a two-thirds filled 


sample bottle at about 10 rev/min for about two hours and bending moment in the negative range showed that for K 
less than —0-5 approximately, the stress on the free end of 


thereafter freed from bubbles by evacuating on a water pump 


ce (b) 
Fig. 3. 


for about the same period. The hardener necessary was 
added and tumbled and rolled by hand for around 12 min, 
or until a rise in temperature was just perceptible, care being 
taken to minimize the introduction of air bubbles. The 
poured model was allowed to set overnight at room tempera- 
ture inside a box containing calcium chloride. 

For composite models either two selected adherends were 
placed in the mould for the whole model and the space for 
the adhesive poured and again allowed to set overnight or the 
procedure was reversed; both methods were successful. The 
complete model was turned smooth on both sides and polished. 

The loaded model was viewed immersed in a mixture of 
around 2/1 of 1-bromonaphthalene and liquid paraffin. The 
load was applied through brass stirrups attached to the ends 
and designed to allow the direction of the load to be chosen 
approximately and adjusted freely. The direction of the load 
was indicated by a loop of thread passing round both load 
pins and held taut, and in contact with the pins, by an elastic 
band attached to one end. The model was normally photo- 
graphed in mercury green monochromatic light in a dark- 
ground circular polariscope, but when directions of principal 
stresses were required, the image was projected on to a suitable 
screen, plane polariscope setting being used. 

Observations. Homogeneous models (i.e. single castings) 
in which the adhesive layer was rectangular and ran the whole 
length of the overlap showed the same type of pattern of 
fringes for all thicknesses of ‘“‘adhesive layer.” Zero thickness 
was therefore chosen for special examination as this con- 
formed to the simpler pattern analysed by Goland and 
Reissner. In all cases where K > 0 the fringe pattern had 
the same general character, the order being a minimum at the 
centre of the joint and increasing along the glue layer towards 
a peak at the joint edge. The free end surface of the adherend 
was in tension, this increasing regularly across the end to the 
same peak value at the end of the glue line [Fig. 3(a), (6) and 
(c)]. Change of K value with the same load produced an 
approximately proportional change in the peak fringe value 
while not appearing to affect the order at the centre. 
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Fringe pattern in homogeneous joint without adhesive layer. Bending moment factor K is (a) +1-2, 
(b) +0-6, (c) +0-2, (d) —0°5, (e) —1:3. The parallel lines are the thread loop between the loading pins 


the adherend is compressive and increases in magnitude with 
further reduction of K. The normal or “‘tearing’’ stress at ¥ 
the end of the glue line appears to pass through zero for a } 


Extension of the examination of the effect of change of 


Oe 


| 


Joint edge 


Relative fringe order on glue line 


O O25¢ O5¢ Ose 


Distance from joint centre 


Fig. 4. Fringe order on glue line relative to fringe order 
at centre; from Fig. 3 
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value of K of approximately —0-5. Under this loading the 
fringe value on the glue line rises to a maximum at the centre 
(Figs. 3 and 4) and the end of the glue line seems to have lost 
its significance as the point of greatest stress. 

Stress trajectories for values of K of +1 and —0-5 show 
that the line of application of the load coincides with a stress 
trajectory for a considerable distance each side of the centre 
{Figs. 5 (a) and (5)}]. In the particular case of K = + 1 the 


Fig. 5. Stress trajectories, homogeneous models, K 


values (a) +1-0, (6) —0-5, 0, joint centre 


stress along the central region of the glue line must be there- 
fore a combination of longitudinal tension and normal or 
“tearing” stress; no transference of load from one adherend 
to the other by shear could take place across the glue line 
around its centre. This is in agreement with the deductions 
of Goland and Reissner. 

Line integration analysis along the glue line is not capable 
of yielding high accuracy in the presence of a high stress 
concentration at the end, but was considered justified for 
the particular cases of K = — 0:5 and K = 0. Fig. 6 shows 


0 


Joint edge 


fe) 
a 


otress 
Mean longitudinal stress in adherend oy 


e) 


O:25¢ 
Distance from joint centre 


©:5¢ 


\ 
° 
n 


Fig. 6. Stresses on glue line 
Tearing stress ox (A) K = 0, (B) K = —0:5. 
Shear stress Tx, (C) K = 0, (D) K = —0°5. 
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the distributions of shearing and of “tearing” or normal stress 
obtained. 

In the composite models which were geometrically similar 
to the homogeneous ones the fringe patterns were fairly 
similar in some important aspects, allowance being made for 
the fringe value of the adhesive being around one quarter of 
that of the adherends. Comparison is best made between 
models with a thick adhesive layer not running the full length 
of the overlap (Fig. 7). Thus for K positive, the fringe order 


Fig. 7. Fringe patterns, models with thick adhesive 
layer, K = T 
(a) adhesive homogeneous with adherends. 
(5) adhesive of Young’s modulus approximately 1/20th that of 
adherends. 


rose from a minimum at the centre of the adhesive layer to a 
highest value at the leading corner. The high tension in the 
free surface at the leading corner fell away on traversing the 
end, but gave way to slight compression at the other extreme. 
Increase in K again produced no change at the centre, but an 
increase in rate of rise towards the increased value at the 
leading corner (Figs. 8 and 10). 

Examination of direction of stresses showed a striking 
change. While the principal stresses in the adherends adjacent 


Fig. 8. 
adhesive layer. 


Fringe pattern in composite model with flexible 


Bending moment factor K, (a) +2:-0, 
(b) 0:0, (c) —3-0 
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to the adhesive layer were parallel and perpendicular to the 
adhesive-adherend boundary over the main extent of the 
joint clear of the ends, the trajectories in the corresponding 


Fig. 9. Stress trajectories (single set) in central region 
of adhesive and adjacent edges of adherends. (Corners 
of adhesive left blank) 


(6) i 


Fig. 10. Fringe patterns; contact angle 50°. 
moment factor K, (a) +0-3, (6b) +2:5 


Bending 


Fig. 11. 


Fringe patterns; contact angle 40°. 
moment factor K, (a) +0-3, (b) +2:-1 


Bending 
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region of the adhesive lay very nearly at 45° to this direction 
right across the thickness of the layer (Fig. 9). This indicates 
that the adhesive is, in the main, in longitudinal shear as was 
the case with steel adherends.‘) 

Change in angle of inclination of the adhesive free surface 
to the adherend gave effects very like those found by Mylonas 
as the stress concentration moved out of the leading corner 
to near the trailing corner somewhere between a contact 
angle of 50° and 40° (Figs. 10 and 11). For angles less than | 
this transition value the fringe order now fell away towards | 
the leading corner both along the free surface of the adhesive 
and along the whole adhesive-adherend boundary. Increase 
in K did not seem to have any readily measurable effect on 
the value of this transition angle but, for angles less than this, 
reduced the extent of the fall towards the leading corner, 
thus giving an apparently more uniformly stressed adhesive. 

For negative values of K again there is some similarity to 
the stresses produced in the homogeneous models. Thus, 
when K becomes sufficiently negative the highest fringe order 
appears at the centre of the adhesive layer and there is a 
general fall in order towards the free surfaces. But the general 
nature of the stress distribution over the free surface of the 
adhesive does not seem to change in that the isotropic point 
of zero stress persists, only moving somewhat towards the 
leading corner and retaining on each side regions of tensile 


-_ - 


Fig. 12. Design of lap joint 


(a) conventional. 
(b) proposed, to give negative bending moment factor. 


Fig. 13. Fringe pattern in “reverse bent” model as 


proposed in Fig. 12 
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‘and of compressive stress respectively. Thus, even up to 
ug = — 3 we appear to have a tensile tearing stress at the 
‘leading corner. Nevertheless, this stress appears to fall to a 
value lower than that persisting at the centre of the adhesive 
layer and so would appear to have lost its significance as a 
‘stress concentration [Fig. 8(c)]. 

The foregoing tests suggest that a lap joint with K negative 
‘would have certain merits and a simple trial of a joint so 
‘designed as shown in Fig. 12 was undertaken. The stress 
‘pattern shown in Fig. 13 confirms the expectations in that the 
‘stress, or at least, the fringe order, is greatest at the centre 
‘of the adhesive layer (strictly on the adhesive-adherend sur- 
faces) and falls towards each free surface which is in a state of 
‘low stress, tensile towards the leading corner, compressive 
‘towards the failing corner. 


| 


\ DISCUSSION OF RESULTS 


_ The main outcome of this work is a clarification of the 
\significance of bending of the adherends. Goland and 
,Reissner examine special cases of the conventional lap joint 
and bending enters as a factor which, through causing rotation 
of the joint, modifies the boundary loading assumed in the 
stress analysis and, hence, also the calculated stresses. It 
‘would appear that their general conclusions are correct in so 
\far as they deduce tensile and tearing stresses increasing 
/towards the joint edge, these increases being reduced by the 
bending under load. 

| The deliberate rather than the incidental change in the 
bending has shown this to be a primary factor in the distri- 
bution of stress in the adhesive, it being possible virtually to 
eliminate and also to reverse the increases in stress towards 
the joint edges solely by the controlled variation of the bending 
fmoment in the adherends. Thus, it appears possible to 
produce a loaded joint where the stress distribution in the 
‘adhesive layer has certain sought-after features such as free- 
‘dom from stress concentrations on the free surface and a 
high degree of uniformity. It might be possible, by detailed 
study of such joints, to lay down criteria for the optimum 
design of joints. 

_ The work to date suggests that the optimum loading is 
\produced by making the bending mcment factor of Goland 
‘and Reissner approximate to —0O-5 for joints where the 
‘adhesive has the same elastic properties as the adhering sheets 
vand probably somewhat less when the adhesive is more 
flexible. Although negative values do not enter into Goland 
‘and Reissner’s considerations there does not appear to be 
‘any inconsistency produced by substituting such values in 
‘their calculations as K enters as a factor in their chosen 
‘boundary loading and there is then no reason to limit its 
‘range of possible values. It is not easy, in their presentation 
of their calculations, to test the effect of putting K = — 0-5 
approximately except in one case, equation (49), which gives an 
analytic expression for the shear stress in a flexible adhesive 


‘layer 
6 Sees 
Be iy 
7 + 3K) Be 
sinh 


™~IO 


31 — K) 


where x is the distance from the centre of the adhesive layer 
‘measured along the layer and it is seen that putting k = — 4 
gives 7) uniform throughout the joint. It seems doubtful 
if the allied statement that the tearing stress is a maximum 
at the joint end would be valid for negative values of K, 
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equation (54). 
long joints gives 
Omax/P = (0-485K + 0:015)y where y* = 6E,5/Ed 


which suggests compression is introduced when K = - 
The corresponding equation by Plantema“ who allows both 
for bending and stretching of adherends shows 


SAC + 3K) coth »/$A(1 + 3K) 
>OasK—> —4 


The formula as simplified by Mylonas for 


up i Tmean 


i.e. non-uniform distribution along length of joint, stress 
apparently falling from centre outwards. 

The boundary loading of the joint assumed by Goland and 
Reissner is as stated in the introduction. K = — 4 is clearly 
a case of special interest as it produces loading as shown in 
Fig. 14. 


A 
Fig. 14. Boundary loading of joint when K = — } 


In this there is no discontinuity at A in the boundary load. 
Also, there is no applied load at A, the point in the adhesive 
usually associated with the highest stress concentration. 
Physically this means that the adherend is unstressed at the 
point A where it meets the adhesive layer. It seems desirable 
to consider the relevance of these concepts to the production 
of optimum loading, i.e. freedom from stress concentrations 
and most uniform distribution of load over the adhesive 
surface. 

The experimental work on homogeneous models lacking 
an actual adhesive layer and, in particular, the results shown 
in Fig. 6 do suggest a high measure of agreement between 
measured stresses and those predicted by these considerations. 

Interpolation between K = 0 and —O-5 for some value 
closer to the latter would give a tearing stress zero at the 
end of the glue line and nowhere more than about a quarter 
of the longitudinal stress in the adherends as well as a shear 
stress showing a high measure of uniformity with freedom 
from localized peak values. It is also clear that making K 
less than — 4 would produce in Goland and Reissner’s 
boundary load a compressive stress at A. Experimentally, 
we see that a ‘“‘holding on” rather than a “‘tearing”’ stress 
results on the glue line at A for K = — 0-5 and presumably 
more negative values. 

Models representing the behaviour of a more flexible 
adhesive layer on the other hand, while showing the same 
general trend with reduction of K towards optimum stress 
distribution in the adhesive, have not shown an actual change 
of tearing stress to a compressive one, but only a reduction 
in tension sufficient to eliminate the usual stress concentration 
at the end. 
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The sampling efficiency of the thermal precipitator 


Prewett and Walton”) have obtained experimental data on 
the efficiency with which the thermal precipitator?:*) gives 
the number concentration of an aerosol in the particle size 
range of 2-5 to 30 uw diameter. Shellac spheres, of density 
close to 1-0 g/cm?, were produced by means of a spinning top 
atomizer and were sampled with a sedimentation cell (con- 
sidered to be an absolute standard) and in turn with each of 
five different thermal precipitators (T.P.’s). The results 
obtained, with a heating current of 1-2 A and at a sampling 
rate of 6:75 cm3/min, are summarized in columns 1 and 2 
of Table 1. 

The efficiencies reported were considered“) to represent a 
balance between /osses to (a) walls (small), (6) through the 
dust-free space®) and (c) on to the wire, and over-sampling 
due to sedimentation into the sampling orifice. For particles 
larger than 10 yx this over-sampling is not able to compensate 
for the losses, which are clearly size dependent. 

The over-sampling ratio, which is also size dependent, is 
expressed as (v, + v;)/v,, where v, is the terminal velocity of 
the particle size being considered and ¥, is the velocity of the 
air entering the sampling orifice. _Walton® has shown that 
the effective sampling orifice of the T.P. is the rectangular 
opening at the top of the parallel channel running through the 
body of the instrument. Thus, at a sampling rate of 
6-75 cm?/min, the value of v, is 2:56 cm/sec. 

The instrument losses should be related to the actual 
number of particles approaching the hot wire, a number 
dependent on the product of the airborne concentration and 
the oyer-sampling ratio (Table 1). 


Table 1. Experimental results of Prewett and Walton,” 
together with calculated percentage loss within T.P., taking 
into account the over-sampling ratio 


Particle T.P. efficiency) Over-sampling Loss, L (%), of 
S(% 


diameter WA) ratio (x 100) particles 
(w) approaching wire* 
Os 99 100°7 Lamy 
3) 92 102-9 10-6 
10 100 111-8 10-6 
5) 93 126-4 26:4 
20 UBS 147-0 50-0 
25 G3ie5 173-4 63515 
30 53 205-9 74-2 
* Values of L in column 4 are given by 
Col, 3. — Col, 2 x 100 


Cols 


The figures given in column 4 of Table | can be repre- 
sented generally by the empirical equation 

E = (100 — L) = [1 — g(p)] x 100 (1) 

where E is the percentage efficiency with which particles of a 

given size are deposited on the cover-glasses; $(p), or L, can 
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be expressed as a function of the non-dimensional particle 
parameter, p, given by 


p = pd*V/18yD (2) 


where p is particle density, d is the diameter of particle 
(sphere), 7 is the viscosity of the air, D is a characteristic 
length (the size of the gap between hot wire and cover-glasses), 
and V =v, + ¥, where v, is the mean velocity of the air 
past the wire (5:00 cm/s at a sampling rate of 6:75 cm?/min). 

The actual T.P. recording efficiency, S (column 2 of 
Table 1), is thus given by. 


S — #(p)] < 100 (3) 


a Vs AE fin 
Ags 


If we know how ¢(p) depends on p we can obtain an 


‘estimate of the apparent T.P. efficiency at different sampling 


rates for particles of different sizes and densities. The relation- 
ship between ¢(p) and (p) given in Fig. 1 has been derived 
from the experimental values of L [column 4 in Table 1 
and equation (1)]. 

To test the validity of equation (3) and the curve in Fig. 1 
over a wider range of conditions, two T.P.’s were set up side 
by side in a horizontal rectangular duct, 20 by 10 in., along 
which a well-mixed dust was passed. Simultaneous samples 


O.l 


0.2 


0.4 05 0.6 


Fig. 1. Relationship between (p) and p 
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vere taken, one T.P. sampling at a rate above the standard 
yne of 6-75 cm3/min, the other at a lower rate. The heating 
current was 1:2 A. Runs were made as shown in Table 2. 


Table 2. Details of experiments 


Sampling rate (cm3/min) 


Run no. Dust Fast Slow 
1 plastic spheres 7-98 2:54 
2 coal dust 9-60 3-96 
3 coal dust 9-60 4-44 


The results, given as ratios of the corresponding particle 
sounts on the two T.P.’s at the two sampling rates, are 
sresented in\Table 3. Particle sizes used to calculate the 
*xpected ratios are given in terms of Stokes’s diameters d,, where 


d, = pd,/f (4) 


7, being the mean projected diameter of an irregularly-shaped 
article (coal dust) and fa shape factor. The densities of 
he plastic material and the coal dust were 1-19 and 1-29 g/cm? 
‘espectively. For a sphere, f= 1; the mean value for the 
:oal dust particles has been found to be 1-35. 


_ Table 3. Comparison between equation (3) and experiment 
_ of the ratios of the T.P. counts at different sampling rates 


Ratio of count on fast T.P. to slow T.P. 
Mean projected 


diameter (.) Experimental Equation (3) 
Run 1. 
15-6-20°8 Qi52 0:46 
20-8-26-0 0-40 0-36 
26-0-32-5 0-36 0-30 
32-5-39-0 On37, 0-30 
| Run 2 
2:-1- 3-1 0:87 0:98 
| 3-1- 4-3 1-06 0-95 
4-3— 8-6 1-05 0-90 
8-6-13-0 OnT7, 0:95 
13-0-17-3 0-63 0-76 
17-3-21-8 0-61 Oe53 
21 -8-27-0 0-51 0-49 
| 27-0-32:4 0:53 0-46 
| 32-443 :2 0-41 0:42 
Run 3 
2:1- 3-1 0-90 0-99 
3-1- 4:3 1-06 0-95 
4:3— 8-6 1-04 0-92 
8-6-13-0 0:86 0-97 
13-0-17:3 0-62 0-76 
17-3-21-8 0-47 0-58 


' The overall mean ratio of the count on the fast T.P. to 
hat on the slow T.P. is. 1-024 with a standard deviation 
of 0-144. 


1 
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When the results are taken as a whole, agreement between 
experiment and prediction is quite good for this kind of work. 
The effects of sampling rate and of Stokes’s diameter on S are 
presented graphically in Fig. 2, calculations being made from 


ds(n) 
Calculated values of S for different Stokes’s 
diameters at various sampling rates 


Fig. 2. 


equation (3) and Fig. 1. These curves give a guide as to the 
optimum sampling rates for different particle sizes. 

Thanks are due to Mr. D. F. Mulford who made the 
microscope counts of the T.P. records obtained. 


H. H. WATSON 
{22 May, 1957] 


Suffield Experimental Station, 
Ralston, Alberta, Canada. 
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Metallurgical progress—3.A. Third series of critical reviews. 
(London: Iliffe and Sons Ltd., 1957.) Pp. 88. Price 6s. 


The first three of these reviews dealing with refractories, non- 
destructive testing and metallurgical coke are by members of 
the Staff of the Metallurgy Department of the Royal 
Technical College, Glasgow, while the remaining ones dealing 
with cast iron foundry problems are by members of the Staff 
of the British Cast Iron Research Association. All the reviews 
are good substantial accounts of recent work with compre- 
hensive references and are very useful for providing an 
encyclopaedic background to their subject rather than inspiring 
reading. M. W. THRING 


Basic automatic control theory. By G. J. MurRPHy. (New 
Jersey: D. Van Nostrand Co. Inc.; London: D. Van 
Nostrand Co. Ltd., 1957.) Pp. xi+ 557. Price 67s. 6d. 


As a subject becomes accepted as a part of the corpus of 
educated knowledge, the presentation which it receives tends 
to simplify. The theory of automatic control is no exception 
and the present book attains a satisfying degree of lucidity 
without in any way detracting from the rigour of the treat- 
ment. There are eleven chapters and four appendices, the 
whole making the book independent of outside sources of 
more advanced mathematical technique. 

After an introductory chapter on terminology and methods, 
there follow two chapters on the theory of physical analogues 
and their characteristics respectively. The fourth chapter 
derives such Laplace transform theory as is required and this 
is augmented by Appendix III in which selected transforms 
are listed. The fifth and sixth chapters consider transfer 
functions, block schematics and types of control systems, and 
lead naturally to chapters seven and eight where stability 
criteria and frequency response are examined. Chapters 
nine and ten discuss time response and its correlation with 
frequency response; they contain the only real deficiency 
noticed by the reviewer—the almost incomprehensible appli- 
cation of conformal transformation to the Nyquist diagram 
on pp. 464-465. Chapter eleven describes some typical 
electronic analogue computer applications. The first Appen- 
dix discusses the solution of polynomial equations and the 
treatment of Lin’s method is one of the clearest which the 
reviewer has seen. The second Appendix summarizes 
complex variable theory and the fourth discusses graphical 
methods. The text is lavishly illustrated with examples, both 
worked and for exercise, and the book can be unreservedly 
recommended. A. D. BooTH 


World directory of crystallographers. Compiled by W. 
PARRISH. (New York: Philips Laboratories, 1957.) 
(Available from: Polycrystal Book Service, 84 Livingstone 
Street, Brooklyn 1, New York, U.S.A.) Pp. xvi + 79. 
Price $1.50. 


This directory contains short biographical data of 2260 
crystallographers from 54 nations. The Directory is arranged 
in alphabetical order by nations, and individuals within the 
nations. It gives (i) the full name and title of the crystallo- 
grapher; (ii) information on the field of study, the university 
and year of the highest degree; (iii) present position, name of 
institution and address; (iv) in some cases a permanent or 
personal address; and (v) major crystallographic interests. 
Statistical data is also included. 
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Biographical details for the Directory were obtained by 
means of a questionnaire sent to persons known to be crystal- 
lographers and it includes all details submitted for publication 
by 20 May, 1957. Additional questionnaires and names 
received up to 3 June, 1957, are included in a special Late 
Arrivals section. 


The numerical solution of two-point boundary problems in 
ordinary differential equations. By L. Fox. (London: 
Oxford University Press, 1957.) Pp. xi-+ 371. Price 
60s. 


The position of the boundary conditions is a major factor 
governing the choice of a numerical method to evaluate a 
solution of a differential equation. The author is concerned 
solely with problems in which there are conditions to be 
satisfied at both ends of the range of integration. These are 
called boundary-value problems to distinguish them from 
initial-value problems in which all conditions are specified at 
one point. A basic feature of nearly all the methods described 
is that the differential equation is replaced by a set of algebraic 
equations arising from the replacement of derivatives by their 
finite-difference equivalents. Accordingly, there are intro- 
ductory chapters on finite-differences and the numerical 
solution of algebraic equations. Subsequent chapters deal 
with a selection of well-tried, boundary-value methods of 
obtaining numerical solutions of differential equations of 
orders one to four, including problems of eigen-value type. 
Both linear and non-linear cases are considered and special 


attention is given to the proper numerical treatment of | 


various possible types of boundary conditions. There is a 
whole chapter on the accuracy of the solutions so obtained. 
Initial-value techniques are also applied to boundary-value 
problems and a final chapter deals with miscellaneous 
methods and comments. 

The methods are described in great detail with the practical 
computer always in mind. Each fresh point is illustrated by 
a worked example. Not unnaturally, the author seizes the 
opportunity to suggest once again the desirability of using a 
large finite-difference interval together with a ‘‘difference 
correction” to take care of truncation errors—an approach 
he has long advocated. 

There is no other book to compare with this and no one 
is more qualified to have written it than Dr. Fox who has 
worked in this branch of numerical analysis for many years. 
The book is certain to become a classic in the subject. It is 


produced in the impeccable style which is so characteristic of | 


the Oxford University Press. J. CRANK 


Experimental designs. By W. G. CocHRAN and G. M. Cox. 
Second Edition. (New York: John Wiley and Sons Inc.; 
London: Chapman and Hall Ltd., 1957.) Pp. xiv + 609. 
Price 82s. 


With their increasing participation in industrial problems 
physicists in common with other scientists are devoting more 
attention to the principles of experiment design. These are, 
briefly, that an experiment should provide its own, and a 
valid, estimate of that residual variability which tends to 
mask the effect being studied; that, in order that its results 
should be generally applicable, an experiment should cover 
a wide range of conditions; and yet, in spite of this last, its 
residual variability should be low. The effects of variability 
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e reduced by skilful grouping and selection of material to 
hich the different “treatments” being studied are to be 
yplied. These principles are especially required in the 
svelopment type of experiment. The laboratory type of 
‘periment is usually only exempt because there the emphasis 
on the method of measurement or on the maintenance of 
yecial conditions. It is this inevitable narrowness of the 
boratory experiment which creates the need for comple- 
ientary development work. 

The book under review was originally written as the result 
' frequent requests to the authors for detailed designs and 
istructions for the subsequent analysis of the results. It 
ill, therefore, serve well as a reference work for anyone in 
similar position; the beginner would perhaps be daunted 
y the seventeen chapters and the variety of designs of increas- 
g complexity. ~The authors do not claim to have catered 
itirely for the student; they recommend some supplementary 
aching on the analysis of variance which is the basis of all 
ssigns. The first three chapters, amounting to ninety-two 
ages, on initial steps in planning, on methods for increasing 
-ecision, and on analysis are, however, admirably informative. 
‘Those who are already familiar with the first edition will 
ant to know what this, the second, contains. It has one 
andred and fifty more pages including two new chapters 
abelled 6A and 8A to leave the paragraph numbering of 
1e remainder the same), one of which is devoted to fractional 
f plication, useful in exploratory research, and the other to 
1e strategy of sequential experiment in finding optima (of 
eld, for example). There are several new sections on new 
‘complete block designs. One of the features of the book 
‘ the setting out of designs of the incomplete block and 
‘tin square type so that they are ready for the random 
roice of the experimenter. 

Experiments, especially industrial ones of the development 
‘pe, tend nowadays to be costly so that thought given to 
od design can be well repaid by the resulting economy of 
sts and material quite apart from the advantage of 
jambiguity. E. D. VAN REST 


i 


e silicones. By P. Sykes. (London: John Murray Ltd., 
é O57.) bp. 16, “Price: liss6a: 


ais short monograph provides a useful introduction to the 
ethods of preparation and the properties of the simple 
F lloranes for the teacher or the student of chemistry, for 
hom it is evidently intended. The absence of much 
aportant physical data, however, limits its interest for the 
aysicist or the user of silicones. 
. The trade name ‘‘Silastomer”’ 


is incorrectly used as a 


' yneral term for silicone rubbers. J. AMES 

ermal stresses. By B. E. GATEwoop. (New York: 
- McGraw-Hill Book Co. Inc.; London: McGraw-Hill 
f Publishing Co. Ltd., 1957.) Pp. xv + 232. Price 


56s. 6d. 


‘te development of thermal stresses in structures, parts of 
‘hich are heated to high temperatures, is becoming a problem 
F increasing practical importance in connexion with heat 
fects in supersonic flight and in turbines and nuclear 
factors. The use of algebraic equations and numerical 
‘ethods for evaluating the stresses do not involve any new 
ndamental principles, but provides some very interesting 
yplications of mathematical techniques which are compre- 
snsively surveyed in this book. The author, who is Research 
9-ordinater and Professor at the Air Force Institute of 
'schnology in Ohio, has obviously very considerable experience 
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in the solutions of problems of this type and his preferred 
method of attack on a problem is to set up the complete 
equations, simplify them by well-chosen physical assumptions, 
and so obtain an analytical solution for the simplified problem. 
This enables the effects of the variables to be readily cal- 
culated and presented in chart form and then the solution 
for some particular cases can be refound by eliminating the 
simplified assumptions. This is certainly the best procedure 
when an analytical solution can be obtained without excessive 
simplifying assumptions, and he shows that this can in fact 
be done. 

The presentation of the book and the illustrations are up 
to the usual high standard which one expects from McGraw- 
Hill, and the text is illustrated both with worked examples 
and stated problems. It is interesting that it shows examples 
of the increasing divergence between the American and the 
English languages, as in the sentence “the two bars may 
move some before they restrain each other,” or the use of 
the plural ‘‘formulas.’” There are good references at the end 
of each chapter, but it is probable that it would not be 
necessary to refer to those to solve any of the problems dealt 
with in the text, which is just as well as in some cases there 
are over 100 references at the end of one chapter. 

M. W. THRING 


Light scattering by small particles. By H. C. VAN DE HuLst. 
(New York: John Wiley and Sons Inc.; London: Chapman 
and Hall Ltd., 1957.) Pp. xiii + 470. Price 96s. 


The author has confined this treatise to single scattering by 
independent particles, thus excluding co-operative phenomena 
and multiple scattering. Modulated scattering (Raman 
effect) has also been regarded as outside the scope of the 
book. On the other hand, the term “‘small particles’? covers 
a wide range of sizes, from small fractions of a wavelength 
to high multiples of it. The reader will be on familiar ground 
at either end of this scale; for the Rayleigh scattering caused 
by the smallest particles, and for diffraction phenomena due 
to large particles. In the critical range where wavelength 
and particle size are comparable, the phenomena are complex 
but of considerable practical importance. One has to 
abandon familiar textbook concepts and go back to Maxwell’s 
equations with the appropriate boundary conditions. The 
basic assumptions and final results of these rather involved 
theories are presented clearly, with the aid of tables and 
graphs, and with full references to the original literature. 

In Part I the problem of scattering is treated in a general 
way, and the “amplitude functions” are introduced. Part II 
forms the bulk of the book and deals with the calculation of 
the actual amplitude functions for various shapes and sizes 
of particles. Simple shapes, especially spheres and cylinders, 
are treated in greater detail. Part III deals with applications 
to various fields of Physics, Chemistry, Meteorology and 
Astronomy. 

Readers will sometimes find explicit answers to their 
questions in Part III. Others will require more detail or a 
more thorough insight by turning to Part II, and many 
Physicists will mainly study the fundamentals contained in 
Part I. In a field where elementary textbooks are of little 
use and where the literature is scattered over a wide range 
of periodicals, this up-to-date, authoritative book -will be 
invaluable for anyone who has to deal with scattering or 
diffraction of light. The reader will feel grateful for the 
great care taken by the author in producing this clear and 
systematical treatment of a highly complex subject. 

H. G. KUHN 
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Semiconductor Abstracts. Vol. 3, 1955 issue. Compiled by 

the Battelle Memorial Institute. (New York: John Wiley 

and Sons Inc.; London: Chapman and Hall Ltd., 1957.) 

Pp. viii + 322. Price 80s. 
The present volume is the third of a series, the previous two 
dealing with abstracts of papers mainly published in 1953 and 
1954. Papers covered by the present volume appeared mainly 
in late 1954 or 1955. A few earlier papers have also been 
included, and, while this is desirable to complete the coverage 
of the subject, it leads to some confusion when searching for 
a particular abstract. The abstracts deal with fundamental 
research on semiconductors and luminescent materials and 
various devices in which they are used. This is now a very 
wide field in which there is great activity as can be seen from 
the increased number of abstracts included in this third 
volume, 775 in Vol. 1, 765 in Vol. 2, and 1258 in Vol. 3. 
To accommodate this increase and also to improve the 
appearance and usefulness of the volume a more robust 
binding has been used. 

The abstracts vary in length and quality, but on the whole 
are quite good and aim at giving the essential results of each 
paper, including numerical values in many _ instances. 
Libraries attached to laboratories engaged in research in this 
field will certainly wish to have all the volumes of this series 
and a number of research workers will feel it worth while 
having their own copy. R. A. SMITH 


Electrical discharges in gases. By F. M. PENNING. (Eind- 
hoven: Philips Technical Library ; London: Cleaver-Hume 
Press Ltd., 1957.) Pp. viii+ 78. Price 15s. 

This essay, by a great master in the field, appears some four 
years after the author’s death. It is a fairly elementary but 
typically clear account of transient (40 pp.) and _ self- 
maintained (30 pp.) electrical discharges. There is, for 
example, a brief account of some of the properties of positive 
columns in the latter part of the book, but Townsend dis- 
charges and breakdown not unnaturally receive most 
attention. J. D. CRAGGS 


Applied mathematics and mechanics. Vol. 1. Gas dynamics. 
By Ktraus OswatitscH. English version by G. 
Kuerti. (New York: Academic Press Inc.; London: 
Academic Books Ltd., 1957.) Pp. xv + 610. Price 96s. 


This book assumes no previous knowledge of gas dynamics 
but demands a graduate standard of mathematics. An 
introductory chapter on thermodynamics is followed by the 
theory of steady and unsteady quasi-one-dimensional flow 
processes including shock waves, cylindrical and spherical 
waves, and flow through nozzles, together with a readable 
account of the method of characteristics. The integral 
theorems and general equations of the mechanics of com- 
pressible fluids are then obtained without the use of vector 
or tensor analysis, and applied to a few particular problems 
such as jets, thermodynamic propulsion, and flow through a 
cascade. Particular exact solutions are derived for steady 
inviscid plane and axisymmetric flows preparatory to sub- 
sequent chapters on steady inviscid subsonic, supersonic and 
transonic flows. These chapters are concerned mainly with 
shock waves, and flows past airfoils and axisymmetric bodies. 
There is one chapter on steady and unsteady three-dimensional 
flow problems including the delta wing. Boundary layer 
theory is presented very briefly and confined to flow with an 
adiabatic wall. A final chapter on experimental techniques is 
concerned mainly with steady flow measurements. 

Every chapter except the first has an extensive and up-to- 
date reference list of English, German and American papers. 
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Throughout the whole book the physics of the problems 
considered is kept to the fore and never lost sight of through 
preoccupation with mathematical analysis. 

Although the author does not claim that it is an encyclo- 
paedic treatise, it covers, nevertheless, a wide range of topics 
very thoroughly and should be of great use to anyone con- 


cerned with the fundamental problems of gas dynamics. 
G. D. SmitH 


Nuclear engineering. Edited by Charles F. BoNILLA. (New 
York: McGraw-Hill Book Co. Inc.; London: McGraw- 
Hill Publishing Co. Ltd., 1957.) Pp. xi + 850. Price 
94s. 

The declared aims of this book are to assist in the training 

of engineers in the field of nuclear-power-plant design, and 

to serve as a reference work for those already engaged in this 
field. 


Its scope is deliberately restricted to the reactor in 


operation; all such preliminary stages as the manufacture of | 


reactor components and reactor construction, and subsequent 
operations including processing of fuel elements are not 
dealt with. 

Following a short introduction, the basic nuclear physics 
of reactors is outlined in three chapters, dealing in turn with 
nuclear particles, nuclear radiation, and their detection and 
measurement. A chapter each is devoted to health physics, 
reactor physics and shielding. A detailed treatment of the 


‘fundamental engineering aspects of reactors then takes up 
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half the book. The editor contributes the sections on fluid 
flow and heat transfer; other sections deal with thermal stress 
analysis, instrumentation and control, and the economics of 
power generation. The metallurgy of uranium and its alloys 
form the subject-matter for another chapter. 


Following a | 


descriptive account of existing and projected types of reactors, | 


the book ends with a section on the law concerning nuclear 
power, naturally of purely American interest. 

This book is successful in its first aim, and provides a 
useful introduction to nuclear engineering; the engineering 
sections in particular contain much fresh material, including 
the flow and heat-transfer properties of slurries, two-phase 
flow and the effect of plastic flow on stresses in fuel elements. 
Its value as a reference work would be enhanced if more 
space were given to reactor materials other than uranium 
and its alloys, including the effect of radiation and corrosion. 

More careful proof reading of the second chapter would 
have prevented the appearance of several errors in the equa- 
tions, e.g. the Klein—Nishina formula on p. 43. 

J. WoopRow 


Passive network synthesis. By J. E. Storer. (New York: 
McGraw-Hill Book Co. Inc.; London: McGraw-Hill 
Publishing Co. Ltd., 1957.) Pp. x + 319. Price 64s. 


This detailed and scholarly work by an industrial scientist> 
be it noted, is probably too advanced and specialized for 
undergraduate physicists in general, even where such mundane 
matters as low pass filters are concerned. Here the use of 
transmission matrices may present difficulties to such students, 
although advanced engineering undergraduates (to whom I 
commend this book) would probably not bat an eyelid, 
since elegant mathematical techniques in physics schools seem 
sometimes to be reserved for nuclear studies. 

The present work can be recommended to graduates 
interested in an integrated general treatment of filter theory. 
There are groups of chapters on impedance synthesis, net- 
work synthesis using image parameters, modern realization 
methods for two-terminal-pair networks and rational fraction 
approximations. J. D..CRAGGS 
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Jomputers, bibliographical series. Vol. C-I, No. 1. October, 
1957, (London: The Bureau of Technical Information, 
1957.) Pp. 29. Subscription £6 65. p.a. 


\ list of 159 papers, books, reports and films dealing with the 
lesign and application of digital and analogue computers. 
‘here are also references to 35 patents, and a list of educational 
Ourse On computers, meetings, trade literature, and available 
eprints. An author index is provided. 

The coverage appears to be fair, although several omissions 
vere noticed even on casual examination. A. D. BooTH 


‘lements of heat transfer. By M. JAkos and G. A. HAWKINS. 
3rd ed, (New York: John Wiley and Sons _ Inc.; 
London: Chapman and Hall Ltd., 1957.) Pp. xxv + 347. 
Price 54s. 


[his book is primarily written for the engineering student 
ather than the physics student and the emphasis is accordingly 
yn the practical formula from which heat transfer may be 
‘alculated. Nevertheless, the authors are interested in the 
undamental mechanism of heat transfer so that, for example, 
vhile heat transfer by free convection is primarily dealt with 
yy the use of dimensional analysis which enable large scale 
esults to be derived from small scale experiments, it is 
sointed out that dimensional analysis does not really explain 
he phenomena, and the existence of a thin layer of stagnant 
tas on the surface is postulated. However, a physicist would 
ike to see a treatment of how the Grashof number appears 
is a natural ratio in terms of this theory. 

_In a similar way, it is stated that the fourth power law of 
ylack body radiation can be derived from thermodynamics, 
vhereas a text book for physicists would give the derivation. 
_ Thus, it may be concluded that the book is of great practical 
value of use in engineering teaching, whereas its main use to 
he physicist is when he comes up against a heat transfer 
yroblem for which he has to find a solution in order to design 
iis apparatus. M. W. THRING 


By M. M. FISHMAN. 
1957.) 


Light scattering by colloidal systems. 
(New Jersey: Technical Service Laboratories, 
Pp. 84. Price (including supplement) £1 8s. 


‘his annotated bibliography, together with a recently issued 
upplement, is intended to provide a source of reference 
or the increasing number of investigators in the field of 
‘pplication of light-scattering techniques to the study of 
colloidal systems. Providing, as it does, a comprehensive 


-functions containing three or more variables. 


csuide to light-scattering literature from 1869 up to, and 


acluding, 1956, this volume will surely fulfil its purpose. 
' Within the main heading are covered the following subjects: 
3Jases; Vapours; Solutions; Rayleigh’s Law; Mie theory; 
Fyndall spectra; Molecular weight; Size and shape of mole- 
ules; Dissymmetry and Depolarization. These combine to 
make over 850 references, 
ogether with the names of over 750 authors which are fully 
adexed. 
H 
\nalytical design of linear feedback controls. By G. C. 
Newton, Jr., L. A. GouLtp and J. F. Kaiser. (New 
York: John Wiley and Sons Inc.; London: Chapman 
and Hall Ltd., 1957.) Pp. xi-+ 419. Price 96s. 
"he widespread use of feedback control systems needs no 
mphasis, but it may cause amused surprise, to those un- 
nlightened in the art, to learn that probably the first appli- 
ation of the art is Babylonian and about 4000 years old. 
“his was the irrigation of land, which involved the opening 
nd closing of ditches to appropriate amounts, governed by 
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soil moisture content. After this initiation we readily pass 
from the float control of water clocks (Arabic) through the 
mechanism for turning windmills, so as to face upwind, to 
the design of an azimuth drive for a 140 ft. radio telescope, 
of which a quite detailed treatment is given. 

It would be wrong to suggest that this work, by three 
members of the MIT staff, consists of a hot potch of oddities. 
On the contrary, it gives a very basic and general analytical 
treatment of control systems, illustrated by a few examples. 

There are groups of chapters on a general review of the 
control art, on the minimizing of integral-square errors, on 
stochastic signals, on the minimizing of mean square errors, 
on the limitation of saturation tendencies, on the design of 
control systems for minimum bandwidth and, finally, on the 
radio telescope problem. About 100 pages are devoted to 
appendices on mathematical treatments (although the whole 
of the book is strictly analytical) and there are about 20 pages 
of problems. 

This book is a welcome and worthy addition to the 
extensive literature on the subject. J. D. CRAGGS 


Sammlung Goschen. Vol. 728/728a. Graphische darstellung 
in wissenschaft und technik. By M. Prranr. (Berlin: 
Walter de Gruyter and Co., 1957.) Pp. 216+ 15. 
Price DM. 4.80. 


The third and revised edition of this book is prepared by 
Johannes Fischer, an engineer and a Member of the German 
Academy of Science, Berlin. It deals comprehensively with 
the technical details of graphical representation and is sub- 
divided into two main sections dealing respectively with the 
representation of functions containing two variables, whose 
functional dependence is either unknown or known, and of 
Although 
some theory of graphs, which will interest the mathematician 
and physicist, is included, the author’s intention in the first 
place is to give the man of applied science, i.e. the engineer, 
a guide to the understanding and the layout of graphs and 
to their useful interpretation. Many examples taken from 
engineering processes are included in the text. A knowledge 
of mathematics required for the General Certificate of 
Education, Advanced Level, or for the Higher National 
Certificate is all that is demanded of the reader. 
H. D,. FELDHEIM 


Radiography in modern industry. (New York: Eastman 
Kodak'Co.) Pp. 136. Price 35s. 


This book contains an outline of the knowledge necessary 
for efficient radiographic practice, covering all aspects from 
the radiation source to film processing. It includes up-to-date 
information on gamma and high voltage radiography. The 
‘arithmetic’ of exposure and the factors governing exposure 
are dealt with from first principles and the sensitometric 
characteristics of X-ray films are clearly explained, and 
detailed for the Company’s products. The chapters on 
scattered radiation and radiation screens are also of especial 
interest. A chapter on radiation protection includes a useful 
bibliography of American literature on the subject, but a 
chapter giving brief details of special radiographic techniques 
could well have been extended, and would have been of more 
value with additional references. An appendix lists the 
possible sources and results of the more common faults in 
radiographic practice. 

The book is very well produced, has extremely lucid 
diagrams and tables throughout and deserves a place in every 
industrial radiographic department for reference and for 
training purposes. R. S. SHARPE 
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The British Group for computation and automatic control of 
the British Conference on automation and computation 


The rapid growth of automation, in which is comprised 
computation, process control and data processing generally, 
led to a decision by some twenty bodies of the learned society 
type having interests in these fields, or in their social and 
economic implications, to set up a central organization to 
provide more effective liaison between the interested bodies, 
to be known as the British Conference on automation and 
computation. This has been organized in three Groups, 
(A) The British Group for the engineering applications of 
automation, (B) The British Group for computation and 
automatic control and (C) The British Group for the socio- 
logical and economic aspects of automation techniques. 

At a meeting held on 20 December, 1957, Group B 
was formally constituted, comprising as its members twenty- 
three societies and institutions including the Institute of 
Physics. 

The objects of the Group are: “‘(a) to foster the develop- 
ment and applications of automatic controls, computing and 
data processing equipment and programming techniques, 
(b) to afford a common meeting ground for the adhering 
organizations whereby such of their activities as fall within 
the purview of the Group can, if so desired, be co-ordinated 
and extended, (c) to maintain, as may be desirable, liaison 
with other Groups of the British Conference on automation 
and computation by direct contact and by representation on 
the General Committee of the British Conference, (d) to 
encourage and, if desired, to co-ordinate the presentation at 
International Conferences of British papers whose subjects 
fall within the purview of the Group, and (e) through the 
General Committee of the British Conference on automation 
and computation, to maintain, as may be desirable, liaison 
with corresponding National Committees of other countries 
which support such International Conferences.” 

The executive committee of the Group consists of the | 
Honorary Officers together with the representatives of six of 
the constituent bodies, including the Institute of Physics. — 

The Group constitution provides for the election of 
additional member societies: those interested should com- 
municate with the Honorary Secretary, B.C.A.C., Group B, 
c/o The Institution of Electrical Engineers, Savoy Place, 
London, W.C.2. 


Bibliography on applications and properties of zirconium and 
alloys 


A seven-page bibliography gives complete and up-to-date 
source material available on the properties of zirconium and 
its alloys. This material has been compiled by the Columbia- 
National Corporation and the Bibliography is available free 
on request from: Mr. J. W. Blanton, Columbia-National 
Corporation, 70 Memorial Drive, Cambridge 42, Massa- 
chusetts, U.S.A. 


ant 


comments 


The Physical Society’s annual exhibition of scientific instru- 
ments and apparatus 


The Physical Society announces that its forty-second 
annual exhibition will be held at the Royal Horticultural 
Society’s Old and New Halls, Westminster, London, S.W.1, 
from 24-27 March, 1958 (inclusive). 

Entrance to the exhibition is by ticket only and these may 
be obtained, free of charge, from the offices of the Society, | 
1 Lowther Gardens, Prince Consort Road, London, S.W.7. 
Members of The Institute of Physics may obtain tickets from 
the Institute’s office. The handbook of scientific instruments 
and apparatus published in connexion with the exhibition is 
available from the Society, price 6s.; by post 7s. 8d. 


Register of British manufacturers 


The 1958 edition of the F.B.I. register of British manu- | 
facturers provides a comprehensive guide to a substantial | 
cross-section of British industry, listing the products and 
services of over 7500 firms who are members of the Federation | 
of British Industries, under more than 5400 alphabetical 
headings. The headings used are: products and services, 
addresses, trade associations, brands and trade names, trade | 
marks. In addition there are language glossaries in French, | 
German and Spanish. 

The register is published by Kelly’s Directories Ltd., and | 
lliffe and Sons Ltd., Dorset House, Stamford Street, London, 
S.E.1. The price is 42s. 


Journal of Scientific Instruments 
Contents of the February issue 5 


ORIGINAL CONTRIBUTIONS 
Papers 


New types of recording differential thermobalances. By P. L. Waters. 

A linear, unidirectional anemometer of rapid response. By R. J. Taylor. 

A magnetic gauge utilizing the magnetron effect. By W. Fulop. 

A high-resolution grating spectrometer for the infra-red region. By M. A. Ford, 
W. C. Price and G. R. Wilkinson. 

Modifications to a travelling microscope used for measuring X-ray powder photo- 
graphs. By W. E. Armstrong and R. J. Davis. 

An oxidizing atmosphere furnace for use with an X-ray diffractometer By S. W. 
Kennedy and L, D. Calvert. 

The recording of pressure distributions in porous media during fluid flow experi- 
ments. By T. O'Donnell, D. H,. Edwards, N. Collis-George and E. G, 
Youngs. 

A simple method of monitoring ultra-violet light. By C. K. Coogan. 5 

A laboratory electron bombardment furnace. By P. G. England and H, N. Jones. 

A combined liquid nitrogen cryostat, furnace and liquid helium bath, By M. J. 
Stubbs and M. W. Thompson. 


Laboratory and workshop notes 


A simple centrifugal circulating pump. By M. M. Benarie, I. Amariglio and 
M. Mokady. 
A simple gas inlet for use with vacuum systems. By J. Almond. 
A greaseless vacuum seal for rotating shafts. By E. A. Billett and J. Bishop. | 
The oe of glass apparatus by embedding in transparent resin. By 
. Jones. | 
A modification for use with wire resistance strain gauge circuits. By J. Halling. | 
An instrument to trim specimen blocks prior to ultra-microtomy. By A. L. Sims. | 
Simple refractory-metal and glass-metal seals. By W. D. Jamieson. | 
The preparation of spherical single crystals for X-ray diffraction work. By K.§ 
Revell and R. W. H. Small. 


NOTES AND NEWS _ 
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Notes and Comments } 


SPECIAL ARTICLE 


A survey of exo-electron emission phenomena 


By L. GrunserG, D.Sc., M.Sc., Mechanical Engineering Research Laboratory, East Kilbride, Glasgow 


“Exo-electron”” emission phenomena are reviewed. Kramer’s original hypothesis that exo- 
thermal processes are the cause of the effect is no longer considered valid and it is now widely 
accepted that particularities of the crystal lattice, such as crystal imperfections are present in 
surfaces showing electron emission after mechanical deformation, X- or ultra-violet irradiation, 
electron bombardment, etc. Apparently spontaneous emission during phase changes of metals 
requires the presence of surface films. Oxygen must be present for emission to occur after the 
mechanical deformation of metals and photo-electric emission measurements suggest that 
certain surface oxides then contain negative-ion vacancies (F’-centres). The emission from ionic 
materials, such as alkali halides, depends on the presence of colour centres. The importance of 
crystal imperfections is brought out by the parallelism between luminescence and exo-electron 
emission. The latter depends only on the presence of donor-centres, but not on the activator 
centres necessary for the former to occur. Various applications of exo-electron phenomena and 


INTRODUCTION 


© term ‘‘exo-electron emission’”’ was practically unknown 
‘ore 1950, yet to-day a large number of workers are studying 
3 phenomenon with materials which have been subjected 
a great variety of treatments, such as mechanical defor- 
tion, irradiation by X-rays and ultra-violet light, electron 
mbardment, electric gas discharges and additive coloration. 
e factor which is common to all these studies is that they 
icern themselves with the measurement of small emission 
‘rents which are obtained only if the materials have been 
yected to certain treatments and hence are a measure of 
: structural changes brought about by the latter. 

t appears natural that a subject of such recent date should 
yet imperfectly understood and still somewhat contro- 
‘sial. Sufficient experimental evidence is however available, 
inly due to considerable research efforts of Continental 
rkers, to place the subject into its proper perspective. In 
‘ present survey mainly a historical approach was chosen, 
ce it enabled the development of the subject to be traced 
d attention to be focused on yet unsolved problems. 
thin the framework of the present article it would be 
possible to describe the whole volume of evidence which 
; become available and reference will be made only to 
rk which in the opinion of the writer has decisively 
luenced the interpretation of the phenomena observed. 


EXO-ELECTRON EMISSION FROM METALS 


it has been known for a considerable time that freshly- 
mufactured Geiger—Miiller counters may give an abnor- 
lly high background count, which decreased as the counter 
»d. The first indication that this phenomenon may be 
ised by the mechanical deformation processes to which the 
tals used for the construction of counters had been sub- 
ted was obtained by Lewis and Burcham.“!) These workers 
served that abraded or scratched specimens of aluminium, 
yper, brass and nickel when introduced into a counter 
gered off a large number of pulses. They suggested that 
pulses may be due to ionization phenomena accompanying 
reaction of oxygen with the deformed metal surface. The 
yeriments by Lewis and Burcham remained unnoticed for 
onsiderable period of time. Kramer was the first to draw 
sntion to the fact that this phenomenon afforded a means 
investigating metal surfaces. Although most of Kramer’s 
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the question of nomenclature are discussed. 


work was done during the last war, it was not until 1950 that 
he published a comprehensive account of his investigations 
in the form of a monograph.2 The work covered an 
enormous number of experiments in which metals were sub- 
jected to various treatments and then investigated with the 
aid of a “‘Spitzenzahler’ (point counter). This is a rather 
simple instrument and consists of a fine anode wire ter- 
minating in a small metal sphere or a fine point surrounded 
by an open-ended cathode cylinder. It can be operated in 
air at atmospheric pressure, but requires high anode voltages 
(2000-4000 V). It is not a very stable instrument and has a 
narrow plateau characteristic, so that quantitative measure- 
ments are made only with some difficulty. In his experiments 
Kramer placed worked metal specimens under the counter 
anode, to form part of the cathode and observed a con- 
siderable counting rate, which decreased in the course of 
time. Fig. | shows the type of record obtained when abraded 
aluminium was investigated 1n this manner. 
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Decay curve from an abraded aluminium 
Background count has been subtracted) 
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Fig. 1. 
surface. 


1G Grunberg 


Experiments of the type shown in Fig. 1 appeared impos- 
sible to explain in a simple way, since, although undoubtedly 
negative charge carriers (oxygen ions or electrons) migrated 
from the deformed metal surface into the counter, externally, 
no energy had been supplied to the emitting specimen and 
the emission was apparently spontaneous. Amongst the 
various experiments which Kramer performed was one which 
lead him to the formulation of a hypothesis about the origin 
of the emission currents. The results of this experiment are 
shown in Fig. 2. Wood’s metal when melted in front of 
the counter opening produced only few counts. However, 
when afterwards allowed to cool in that position a surge of 
pulses was observed when solidification commenced. This 
emission current again subsided at temperatures below the 
freezing point. Kramer believed that this experiment provided 
a clue to the apparently spontaneous emission from worked 
metal surfaces. Solidification is an exo-thermal process and 
the emission of electrons during this stage could be thermal 
caused by the latent heat of fusion. Kramer suggested that 
all the emission phenomena he had observed were due to 
exo-thermal processes and he termed electrons emitted in this 


N (counts/s} 


80 
Temperature (°C ) 


[Reproduced from Der metallische Zustand.] 


Fig. 2. Melting and solidification of Wood’s metal in a 
point-counter®) 


manner exo-electrons. This is then the origin of the term 
exo-electrons, meant in the first instance to describe electrons 
emitted from surfaces when exo-thermal processes are taking 
place. For abraded or otherwise deformed metal surfaces 
Kramer suggested the presence of a non-metallic phase of 
the metal. This phase was thought to be thermodynamically 
unstable above a certain critical temperature and then 
reverted to the normal metallic phase. The latent heat of 
phase change was suggested to be the cause of the emission 
of exo-electrons. Kramer has now abandoned this hypo- 
thesis and the term exo-electrons is at present used only for 
historical reasons. It will be shown later that it describes 
structure-sensitive emission phenomena, rather than those 
associated with exo-thermal processes. There exists, however, 
further evidence that apparently spontaneous electron 
emission occurs during phase changes of metals. Futschik®) 
confirmed Kramer’s experiment with Wood’s metal and 
showed that the solidification of mercury also lead to electron 
emission. Most striking, however, were experiments by 
Futschik, Lintner and Schmid™ with a series of lead-tin 
alloys. Using a Geiger—Miiller counter with a hydrogen- 
ethanol filling, these workers found a perfect correlation to 
exist between the phase diagram and temperatures at which 
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emission maxima occurred during cooling cycles. Crossin 

of the liquidus line, of the demixing line or the eutectic poin 

on the phase diagram corresponded to the appearance o 

emission maxima. This is illustrated in Fig. 3 for an allo 
containing 10% tin. Recently Steiner® observed an emissio 

peak during the B — « transition of thallium. 
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Fig. 3. Exo-electron emission during the cooling of a 


lead-tin alloy, containing 10% tin 


Although the above evidence about emission during phase 
changes of metals appears conclusive, in the light of other 
experiments it cannot be attributed solely to the exo-thermal 
nature of the processes. Bathow and Gobrecht“® have con-} 
clusively shown that emission during phase changes is not} 
observable if sufficient care is taken to free the surface of} 
the specimen from surface films and it is kept in a high} 
vacuum (better than 10~° mm of mercury). These workers} 
overcame a difficulty which is inherent in the use of point 
counters or counting tubes for the observation of emission 
currents, namely the necessity of exposing the surface to 
air or to the counting gas. They enclosed the specimen in 2 
specially shaped vacuum chamber and electron-optically 
focused the emission current into a counter. The latter was! 
separated from the vacuum vessel by a glass membrane less 
than 1000 A thick, permeable to electrons of 6 kV and yet 
capable to withstand a counting gas pressure of 4cm of 
mercury. With this apparatus they were able to show that 
thorough cleaning of the specimen surface eliminated electron 
emission during solidification. If the vacuum was imperfect 
(> 10~> mm of mercury) emission currents were observable. 
This also was the case if the specimen was exposed to the 
atmosphere prior to investigation in a high vacuum. : 

The emission of exo-electrons hence appears to be connected 
with the presence of surface films or possibly with the inter- 
action between gas molecules (i.e. oxygen) and the metal’ 
surface. The hypothesis that chemisorption of oxygen 
provided the energy of electron-emission was suggested by 
Haxel, Houtermans and Seeger. By gradually raising the 
temperature of specimens in a gas-quenched Geiger—Miiller 
counter they observed several emission maxima at definite 
temperatures. These maxima were attributed to adsorption 
centres having different energies of activation. Other workers 
went even further in this direction and suggested that the 
chemical reaction between oxygen and the metal surface 
provided the energy of electron emission so that the process 
was one of chemo-emission. Roubinek and Seidl,®) who 
advocated this interpretation found that the presence of 
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‘gen was necessary for emission to be observed. This fact 
s again demonstrated in a very elegant manner by Lohff.© 
‘tal specimens were scratched in vacuo (>7 x 10-5 mm 
‘path with a steel brush and the emission currents 
earing after the admission of oxygen to a definite pressure, 
‘e detected with the aid of an electron-multiplier. Fig. 4 
’ws emission decay curves obtained from scratched 
minium at various oxygen pressures. The emission 
tents obtained at an oxygen pressure of 10°-4mm of 
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sig. 4. Decay curves from aluminium at 22°C after 

scratching with a steel-brush at different oxygen pres- 

sures.®) (Pressure of oxygen in mm of mercury: curve A, 

E< 10-4; curve’ B, 5 x 1073; curve Cy 2°5 x 1073; 
curve D, 1-5 x 10~5; curve E, 7 x 107°) 


rcury were very much greater than at a pressure of 
< 10~© mm of mercury. The role which oxygen plays is 
1 more clearly brought out by results for zinc shown in 
5. On admission of oxygen the emission passes through a 
ximum and then decays. The intensity of emission is 
ater and the time interval for reaching the maximum is 
yrter at higher oxygen pressures. Similar results have 
ce been obtained by Wiistenhagen (private communication) 
h evaporated aluminium films. 

[he experiments so far described show that whatever the 
gin of the emission currents may be, it cannot be ascribed 
instrumental causes, such as the bombardment of the speci- 
n surface by positive ions or metastable atomic or mole- 
ar particles. Such events, whilst possible or even likely 
en a specimen is exposed to a point counter or is introduced 
ide a Geiger—Miiller counter, could not occur with the 
sed counter used by Bathow and Gobrecht or in the 
stron-multiplier used by Lohff.©) The above experiments 
re mainly designed to discover an exo-thermal process which 
uld enable thermal emission from the metal to occur. A 
t which seems to have been overlooked in this approach 
the problem is that the work function of most metals is 
ally greater than the energies which can be associated 
h phase changes or chemical reactions, The latent heat 
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of fusion of metals for instance is of the order of 0-1 eV, 
i.e. about 1/40 of the work function. It appeared possible 
that working of the surface may lead to a general decrease 
of the work function. This problem was investigated by 
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Fig. 5. Exo-electron emission from zinc after scratching 
with a steel-brush at different oxygen pressures®) 


Edlinger and Miiller,?® who studied the photo-electric 
emission from abraded aluminium and zinc in the near ultra- 
violet range as a function of the wavelength. Fig. 6 shows 
the results obtained with aluminium. Those for zinc follow 
a similar pattern. The figures on the curves denote the time 
which had elapsed since abrasion. The photo-electric 
threshold appears to have been shifted to longer wavelengths 
by several hundred Angstrom units and this shift receded 
with time. There are however serious doubts whether this 
effect can really be ascribed to the metal proper, since it may 
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Fig. 6. The dependence of photo-electric emission from 
abraded aluminium on the wavelength® 
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be due to a surface film created during the abrasion process. 
Seeger,“!!) for instance, has clearly shown that thermal 
emission from aluminium, after stimulation with ultra-violet 
light is associated with the presence of an oxide film. 

The work of Grunberg and Wright shed considerable light 
on the structures produced on metal surfaces by deformation. 
In 1952 these workers found that an abraded zinc surface 
gave photo-electric emission when illuminated in the visible 
range of wavelengths.'2) A thorough investigation .of 
the photoelectric response from freshly abraded metal sur- 
faces revealed that oxidizable metals such as aluminium, 
magnesium, zinc, copper, brass, lead, indium, gallium, 
cadmium, iron, nickel, tin and titanium showed, after abrasion, 
emission below 3700A, i.e. in the range of wavelengths 
investigated by Edlinger and Miiller.® Since the emission 
appeared to be independent of the nature of the metal or 
oxide involved, an interpretation of emission in this range of 
wavelengths as a shift of photo-electric threshold of the 
metal seems difficult to accept. Grunberg and Wright further 
found that a group of metals such as aluminium, magnesium 
and zinc, known to give excess-metal oxides, gave after 
abrasion a sharp and strong electron-emission peak at 4700 A 
and subsidiary peaks at 5200A and above 6000A (Fig. 7). 


described the decay process, where a and n are constants, th¢ 
latter being of the order of unity. Equation (1) is obvious] 
incapable of describing the initial conditions and Hanle‘!4 
has recently suggested a modification 


N = Noa + bt)” (2h 


Grunberg and Wright, however, found that the kineti 
equation which described the decay of the emission peak a’ 
4700 A was greatly dependent on the ambient atmosphere tc 
which the metal surface was exposed. In the absence o 
oxygen 


Nv No exp ( kit) (3) 


whilst in the presence of oxygen 


No/N = (1 + kot)? (4) 


The reaction velocity constant k, was found to be directly 
proportional to the partial pressure of oxygen. Grunberg an 
Wright also found that the emission current was dependen 
on the electric field above the specimen surface. If a grida 
earth potential was interposed between the counter and th 
earthed specimen then no counts could be registered. If 
negative bias of the order of a few volts was placed on th 
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Fig. 7. 


Emission current against wavelength for abraded aluminium. 


Inset shows curve for aged specimen. 


The numbers on the curves indicate negative potential on specimen in volts!) 


Such emission peaks could be associated with the existence of 
definite electronic energy levels in the forbidden band of the 
oxide and could not be attributed to the metal. Isolated 
energy levels could be due to the presence of crystal imper- 
fections and since the selective photo-electric effect was only 
observable with metals giving excess-metal oxides and for 
various other reasons the energy level responsible for the 
emission at 4700 A was attributed to the presence in the 
oxide of negative-ion vacancies trapping two electrons. 
Owing to the similarity with such centres known to exist in 
alkali halide crystals, the crystal imperfections were termed 
F’-centres. Grunberg and Wright also investigated the decay 
of the emission currents. Most other workers had until then 
contented themselves with plotting the emission current, 
N versus the time ¢ on double-logarithmic graph paper and 
obtained near enough straight lines as can be seen in Fig. 4 
and it was generally assumed that an equation of the type 


n 


N= at 
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specimen and the grid kept at earth potential then the emission 
current could be observed (see Fig. 7). The emission current 
increased with the applied voltage V according to 


N= aV — Vo) (5) 


where « = a constant and Vy = the voltage at which no 
measurable emission current was observed. The reason for 
this voltage dependence of the emission current is not yet 
fully understood although two important conclusions can 
readily be drawn from it: (i) the electrons leave the surface 
with a negligible energy content and (ii) in experiments in 
which the specimen is directly exposed to the field of the 
counter anode or of the first dynode of an electron multiplier 
the magnitude of the measured current would depend on the 
intensity of this field. Recent experiments (Grunberg and 
Wright unpublished) seem to indicate that the voltage 
dependence may be connected with the heterogeneous nature 
of the surface on which “‘patch-fields’” may exist, from the 
action of which electrons must escape before they can be 
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awn into the counter. The applied negative voltage lowers 
> patch-field potential and thus increases the probability 
escape of electrons. For this interpretation to be correct a 
uration effect should be observable, particularly with 
akly-emitting surfaces. This has indeed been observed 
perimentally. The emission current was also found to 
srease with increasing light intensity J according to 


N= pin 


lere B and m are constants, the latter being somewhat 
2ater than unity (between 1-25 and 1-33). In recent experi- 
mts Grunberg and Wright“'5) were able to show that the 
‘ctron emission spectra were independent of the method of 
roducing centres into the surface. The same spectra were 
tained from‘abraded, extended and evaporated aluminium. 
The excitation of definite electronic energy levels in surface 
ides can also be achieved thermally by gradually raising 
> temperature of the specimen and observing the appearance 
electron emission maxima at definite temperatures. This 
shnique is similar to that used in taking a glow-curve from 
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Fig. 8. Electron emission from tungsten after electron 

bombardment. Curve 1, after heating sample for 30 min 

in vacuo at 1000° C; curve 2, as for 1, but subsequently 

oxidized in air for 15 min at 100°C; curve 3, as for 2, 

but then abraded in air; curve 4, abraded without prior 
oxidation™® 


rmo-luminescent phosphors and the term electron emission 
w-curye is now generally in use in this connexion.“ 
sger,!©) with the aid of an electron-multiplier was able to 
y»w that the surface of tungsten subjected to electron 
mbardment was activated more strongly by oxidation, 
lowed by abrasion than by either processes separately. 
is can be seen from the results shown in Fig. 8. Both 
tical and thermal exo-electron emission currents from 
tal surfaces thus appear to depend on the presence of 
hly deformed oxide films. 


EXO-ELECTRON EMISSION FROM NON-METALS 


[he work on exo-electron emission from metals has shown 
tt the presence of non-metallic surface films was necessary 
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for emission to occur. This finding was fully supported by 
the evidence which accumulated about exo-electron emission 
from non-metallic materials. At an early stage Kramer 7) 
was able to show that a number of minerals, such as fluorspar, 
corundum, pyrites, potassium orthoclase and others gave, 
after mechanical disintegration, a definite counting rate when 
investigated with the aid of a point-counter. The decay of 
the emission appeared to follow equation (1) and there was 
therefore a great similarity between the emission obtained 
from metallic and non-metallic materials. Kramer“8) was 
further able to show that emission from abraded non- 
oxidizable metals was due to contamination with. non- 
metallic particles of abrasive and was not due to the metal 
itself. Mechanical deformation was not the only means of 
producing exo-electron emission in minerals. Pyrites, after 
irradiation with X-rays, behaved in a manner very similar 
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[Reproduced from Zeitschrift fiir Physik.] 


Fig. 9. Exo-electron emission glow curves from gypsum 

and calcium oxide as affected by tempering. Curves | 

and 2, tempered at 640° C (1 without stimulation, 2 after 

X-ray stimulation); curves’3 and 4, as | and 2, but tem- 

pered at 940° C; curves 5 and 6, as | and 2, but tempered 

to 1240° C; curves 7 and 8, similar measurements on 
calcium oxide 


to the mechanically deformed mineral.“9) Kramer also 
showed that quartz acquired emissive properties after X- 
irradiation and potassium sulphate after irradiation with 
ultra-violet light. X-irradiated gypsum when heated gradually 
underneath a point-counter gave rise to a number of emission 
peaks.29 The exo-electron emission glow-curves obtained 
were greatly dependent on the tempering conditions and this 
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could partly be due to the formation of calcium oxide as 
suggested by the results shown in Fig. 9. 

The deliberate supply of energy to specimens in the form 
of heat in order to study definite electronic energy levels 
present constituted a definite advance of the subject. It lead 
to the suggestion that the interpretation of the emission 
phenomena from non-metallic materials could best be achieved 
in terms of the presence of colour centres or other imperfection 
in ionic crystals. Bohun?! was amongst the first to realize 
this. Since a great deal was known about the properties of 
colour centres in alkali halides he investigated these materials 
in detail. With photo-chemically coloured (X-irradiated) 
rock-salt, thermal emission glow curves revealed a number of 
emission peaks which Bohun®) was able to assign to various 
types of colour centres known to exist in rock-salt. In a 
further detailed investigation Bohun”) used rock-salt crystals 
coloured by additive coloration, i.e. by exposure to sodium 
metal vapour. Fig. 10 shows the electron emission glow- 
curve obtained with this material. The emission maximum 
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Fig. 10. Exo-electron emission glow-curve from addi- 
tively coloured rock-salt2 
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Fig. 11. Exo-electron emission glow-curve from addi- 
tively coloured rock-salt with simultaneous illumination 
in the F-band@3) 
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at 560° K which can be assigned to F-centres (negative ion 
vacancies trapping one electron) is clearly discernible, as is a 
smaller maximum at 350° K attributed to M-centres (com 
bination of a vacancy pair and an F-centre). Bohun wa 
able to show that optical bleaching of the F-centres reduced} 
the peak at 560° K. Fig. 11 shows how illumination wit 
light containing the F-band lead to strong emission at roo 
temperature. If the temperature of the specimen was raised] 
the M-peak could still be seen, but the F-peak had been 
flattened, possibly under the formation of F’-centres (negative 
ion-vacancies, trapping two electrons). More recent experi- 
ments by Kramer‘*4) demonstrated that the emission from 
F'-centres was enhanced by illumination in the F-band (4750 A) 
and that these centres were bleached by illumination in the 
F’-band (7290 A). Kramer also investigated the formation of 
colour centres in potassium bromide as a function of the 
energy level of the ultra-violet light used. Colour centres, 
giving exo-electron emission, were only obtained if the 
stimulation energy was greater than that corresponding to 
the light absorption edge, which suggests a mechanism of} 
formation involving excitons. The experiments reported inj 
this section clearly demonstrate the connexion between exo-} 
electron emission and colour centres. The importance of 
crystal imperfections and impurity centres is shown by the| 
relationship between exo-electron emission and luminescence | 
which will be discussed in the next section. | 


EXO-ELECTRON EMISSION AND LUMINESCENCE 


In 1954 Kramer?) pointed to the similarity which existed 
between exo-electron emission and luminescence phenomena 
and a year later experimental evidence became available of a 
most striking parallelism between the two phenomena. 
Lepper?” showed that, if exo-electronic emission and phos- | 
phorescence were observed simultaneously, then the two 
phenomena followed the same decay law. Fig. 12 shows the 
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Fig. 12. Decay curves of exo-electron emission (circles) 
and of phosphorescence (crosses) of CaSO,.Mn@® 


observed decay curves of exo-electron emission and phos- 
phorescence from a calcium sulphate . manganese phosphor 
after X-ray stimulation. Equation (1) is apparently followed 
by both these phenomena and the slopes of the lines are 
identical. Similar results were obtained with a crystal of 
sodium chloride + 1:5% silver chloride. The parallelism 
between exo-electronic emission and luminescence was found 
to be fully evident also when the respective glow-curves were 
observed simultaneously. This can be seen in Fig. 13 for 
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ray stimulated NaCl.Ag. The maxima of thermo-exo- 
ctron emission and thermo-luminescence occur at identical 
nperatures. Bohun?)?7) independently discovered the 
rallelism between electron emission and luminescence and 
vestigated the simultaneous glow-curves for a number of 
osphors, in particular rock-salt containing various foreign 
1s and fluorspar. 


Temperature (°C ) 


Time (min) 
[Reproduced from Zeitschrift fir Naturforschung.| 


Fig. 13. Glow-curves of electron emission (circles) and 
luminescence crosses from an X-ray stimulated NaCl + 
+1-5% AgCl.2@9 Temperature shown by dashed curve 


The electronic transitions involved in thermo-luminescence 
+ now well understood. Reduced to its simplest terms 
srmo-luminescence requires the presence of two types of 
‘ctron-trapping levels in the forbidden energy gap of an 
sulator. Donor levels, lying sufficiently close to conduction 
‘els are thermally excited and dissociated. Electrons enter 
> conduction band and some of these may recombine in 
liationless transitions with empty donor levels. Other 
ctrons may drop from the conduction band, under the 
tission of light quanta to empty activator levels, lying close 
the valency band of the crystal. The activator levels are 
en associated with the presence of foreign atoms in the 
rstal. The parallelism between exo-electron emission and 
ninescence raised the question whether or not both types 
electron-trapping centres are involved in the electron 
tission process. The answer to this question was provided 
Lepper.2© Calcium sulphate in its pure state is not a 
osphor and requires the presence of manganese to provide 
» activator levels. Pure calcium sulphate gave the same 
ctron emission glow-curve as CaSO,.Mn, but thermo- 
ninescence could only be obtained from the latter. The 
ults of these experiments are shown in Fig. 14. It can 
is be concluded that exo-electron emission requires the 
ssence of donor levels, but not of activator levels. 
A large number of new results on the simultaneous obser- 
tion of thermo-luminescence and electron emission were 
ssented by Gourge and Hanle.?®) Activator levels can 
erfere with the parallelism between the two phenomena. 
is is illustrated by Fig. 15 showing results obtained with 
ontium sulphate.manganese. At lower temperatures the 
rves show maxima at identical temperatures, but at higher 
nperatures the electron emission curve shows maxima 
ich do not appear on the luminescence curve. The effect 
interpreted as due to a gradual filling-up of the activator 
els by electrons from the valency band. Gourge and Hanle 
© investigated glow-curves starting from liquid air tem- 
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perature. A number of maxima below room temperature 
were found with NaCl.Ag and SrSO,.Mn. In general it 
can be said that exo-electron emission now provides a useful 
tool for the investigation of electronic energy levels in 
phosphors, which would remain undetected if luminescence 
alone would be observed. 
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Fig. 14. Glow-curves from (a) CaSO,4.Mn and (6) pure 

CaSO,, both tempered at 850°C. Electron emission 

(circles) is shown by both materials, luminescence (solid 

circles) only by (a).¢® Temperature shown by dashed 
curve 
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Fig. 15. Glow-curves of electron emission E and 
luminescence L from SrSO,.Mn (1%). Tempered at 
900° C, irradiation dose 250r@®) 


THE MECHANISM OF EXO-ELECTRON EMISSION 


The experiments on luminescence and exo-electron emission 
and those on exo-electron emission from ionic materials 
containing colour centres have shown that donor levels 
must be present for the phenomenon to occur. The mechan- | 
ism by means of which electrons are emitted from the crystal 
is however not fully explained by this finding. It seems fairly 
easy to understand that on reaching a certain temperature 
or on absorbing light of a certain wavelength donor centres 
are excited and dissociated. Electrons are then raised into 
the conduction levels, but there appears to be no well- 
established mechanism by means of which they could leave 
the crystal. Nassenstein@® suggested that electrons arising 
from the dissociation of centres located close to the surface 
are capable of leaving the crystal via the conduction band. 
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Since the energy bands are likely to be modified at the crystal 
boundary this explanation does not describe the emission 
process in detail. According to Lepper@® the electrons are 
raised into the conduction band and then diffuse into a 
surface energy band from which they are emitted thermally. 
The filling of such surface states would depend on the electron 
affinity of the crystal (i.e. the depth of the conduction levels) 
a higher electron affinity making exo-electron emission more 
difficult. Bohun,@® however, has shown that the emission 
was relatively independent of the electron affinity of the 
crystal, since silver halides with an electron-affinity of about 
3 eV respond as readily as rock-salt with an electron-affinity 
of 0:5eV. Grunberg and Wright“* put forward a mechanism 
suggested by Mott for the photo-electric emission from de- 
formed metal surfaces containing F’-centres. Absorption of 
light in the F’-band (4700 A) leads to the excitation of F’- 
centres. The energy of excitation can be transferred by 
direct interaction to shallow centres over a distance of 
between 30 to 40 A. If the shallow centres are actually on the 
surface then’electrons will be ejected from them out of the 
crystal. According to recent evidence (Grunberg and Wright, 
unpublished). the shallow surface centres appear to be 
adsorbed oxygen. This explanation of the emission mechan- 
ism eliminates the difficulty of having to consider the electron- 
affinity of the crystal and provides a reasonable interpretation 
of the fact that exo-electron emission can only be observed 
above a certain partial pressure of oxygen. An indication 
that exo-electron emission depends on the presence of centres 
which do not partake in luminescence can be deduced from 
measurements of the intensity of the first electron emission 
and luminescence maximum as a function of the X-ray dose 
used for stimulating CaSO,.Mn. Whilst electron emission 
becomes saturated after a dose of 1000r luminescence con- 
tinues to increase even after a dose of 3000r.2®) This result 
can be interpreted as showing that after high X-ray doses the 
exo-electron emission intensity becomes independent of the 
concentration of donor centres and is then governed by the 
concentration of surface centres, which would be relatively 
independent of the X-ray dose. 


APPLICATIONS OF EXO-ELECTRON EMISSION 


Since exo-electron emission appears to be so strongly con- 
nected with the presence of crystal imperfections the study of 
semi-conductors may greatly benefit from the application of 
this new technique. The application to luminescence has 
already been described in a previous section and recently 
attempts have been made to study intrinsic semi-conductors 
with this method. Gourge and Hanle®® investigated p-silicon 
after X-ray stimulation. An emission maximum was observed 
at 100° C, which could possibly be due to surface oxide, 
although the measurements were carried out in a high vacuum. 
Seeger?!) investigated polycrystalline and single crystals of 
germanium after electron-bombardment in an electron 
multiplier at 10~° to 10-7 mm of mercury. Polycrystalline 
germanium gave two maxima, a strong peak at —150° C and 
a weaker peak at +175°C. Single crystals of n-germanium 
gave a number of emission peaks, which were stronger with 
etched than with rough surfaces. Seeger also carried out 
some photo-electric emission measurements on germanium. 

Fields of study which largely depend on the properties of 
solid surfaces may be advanced by the investigation of exo- 
electron emission. Foremost amongst these are chemi- 
sorption and catalysis. In the latter field a start has already 
been made by the work of Nassenstein and Menold.@2) Using 
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silver catalysts of the same chemical composition, but different 
methods of preparation, they were able to show that differences 
in yield of between 90 and 0% in the reaction between ethylene 
and oxygen could be associated with different electron 
emission glow-curves from the catalysts. The study e 
deformed metal surfaces has been advanced by electron| 
emission investigations and useful applications may be 
envisaged in the field of lubrication in which the structure 
and the mechanical properties of such surfaces are of signi- 
ficance. It must also be considered that such surfaces may 
initiate chemical reactions in the medium with which they 
are in contact. Grunberg? for instance has shown that 
measurable quantities of hydrogen peroxide are formed 
from water and oxygen on metal surfaces which one would 
expect to give exo-electron emission: 

Various applications of direct practical interest have been| 
suggested.3% The efficiency of grinding of ball-mills can be 
followed by exo-electron emission and the optimum grinding § 
time for oil absorption of titanium oxide in paint manu- 
facture seems to correspond to the greatest possible exo-} 
electron emission obtainable from this material. Similarly the } 
sintering ability of metal powders used in powder metallurgy | 
was said to find an expression in the intensity of exo-electron } 
emission obtainable. It has also been suggested that the 
tendency of certain minerals to cause pneumoconiosis may | 
be related to the presence of colour centres. 


NOMENCLATURE 


Earlier in this survey the origin of the term “‘exo-electrons” 
has been described. Although many problems still remain 
to be solved it seems now fairly clear that the original inter- | 
pretation of the phenomenon as a consequence of exo-thermal 
On the occasion of the Dis- }: 
cussion Meeting “‘Exo-electrons’’ held under the auspices of } 
the Austrian Physical Society at Innsbruck in September 1956 
the question of nomenclature was discussed in an informal 
meeting under the chairmanship of Prof. W. Hanle (Giessen). } 
Workers from many countries interested in the subject 
attended and it was agreed that in view of the great contri- 
bution which Dr. J. Kramer has made “‘structure-dependent” 
electron emission should henceforth be known as the “Kramer 
Effect”? and that the electrons be known as ‘‘exo-electrons” 
quite independently of the means of exciting the emission 
centres. 

Owing to the analogy between exo-electron emission and 
luminescence the system describing in a short manner the 
stimulation method (i.e. the creation of centres) and of} 
causing the emission of light quanta used in luminescence 
work should be adapted to describe exo-electron emission. 
Details of the system are given in the proceedings of the 
discussion meeting.“4 35) A few examples will suffice to 
illustrate the system. Photo-electric emission from previously 
abraded surfaces should be described as ““tribo-stimulated 
post-photo-electron emission,”’ photo-electric emission during 
extension of metals as ‘‘plasto-stimulated co-photo-electron 
emission” and the observation of a glow-curve from X-irra- 
diated materials as ““X-radio-stimulated post-thermo-electron 
emission.” These terms whilst precise in their meaning were | 
not used in the present survey in order not to create difficulties | 
for the uninitiated reader. ) 
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Aluminosilicates and the high-temperature processing 
of microwave vacuum tubes 
By M. Hicvrer and R. L. BELL, Ph.D.,* Services Electronics Research Laboratory, Baldock, Herts. 
[Paper first received 7 June, and in final form 17 September, 1957] 
The application of high temperature glass techniques to the construction and processing of 
microwave vacuum tubes is described. An increase in bake-out temperature is shown to have a 


profound effect on the running pressure, cathode life and other properties which may depend on 
tube vacua. 


Tubes for microwaves often have metallic envelopes to pro- 
mote cooling of internal parts. This prevents the outgassing 
of these parts during processing by the normal means of 
eddy-current heating or electron bombardment and it is usual 
to outgas the complete valve by baking on the pump at as 
high a temperature as possible. With the borosilicate glasses 
commonly used for the insulating parts of the envelope, 
softening of the glass sets a limit of about 450° C to the bake- 
out temperature. In some cases even a very long bake at 
this temperature is insufficient to prevent the subsequent 
release of occluded gas. This may limit the useful life of the 
tube since cathode activity is destroyed by ion bombardment. 

Means are continually being sought of raising the bake-out 
temperature so that ail occluded gas in the tube components 
is effectively removed on the pump. The use of ceramic 
envelope materials is one approach to this problem, but the 
technology of vacuum-tight ceramics and ceramic-to-metal 


Properties of the materials 


Molybdenum C37 C46 H26X 
Thermal expansion (50-400° C) x 107 55 42:5 43 46 
Melting point 2620° C 
Log. direct current resistivity at 300° C 12:0 11-9 11-4 
500° C 8-8 
Dielectric constant at 1 Mc/s Sey) 
Dielectric constant at 35000 Mc/s 4-2 4-1 
Specific gravity 10-2 255 PEASY) 2°30 
Power factor at 1 Mc/s 0-:0019 
Power factor at 35000 Mc/s 0-009 0-012 
Refractive index 12585) 
Composition (°%): silica 55:8 54-5 54-25 
alumina 23-0 2325 22-0 
boric oxide Sl — qe) 
calcium oxide 13-0 ilh 3) 13225 
barium oxide sian | 6:3 3-0 
Magnesium oxide —_ 0:5 — 
phosphorus pentoxide —~ 3-8 — 
Upper annealing temperature (° C) 775 790 725 


seals is not yet as reliable a laboratory process as a glass/metal 
structure. 

The problem has been solved in the case of a millimetre 
wave klystron recently developed at this Laboratory) by 
evolving a fabrication technique using molybdenum and high 
melting point aluminosilicate glass. This paper describes 
the glass-to-metal sealing techniques and discusses some of 
the factors affecting choice of bake-out temperature. 


* Now at Varian Associates, Palo Alto, California, U.S.A. 
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MATERIALS 


Some properties of useful aluminosilicates are shown inf! 
the table. H26X is made by the Osram/General Electric Co.) 
Ltd., Glassworks, Wembley, and C37 and C46 by The British}! 
Thomson-Houston Co. Ltd., Rugby. Included in the table 
are the dielectric constants and power factors measured by 


- the authors at 8-6mm wavelength. Comparison with the}! 


kovar-sealing borosilicate Kodial (by Plowden and Thompson * 
Ltd., Stourbridge, Worcs.), power factor 0:013, shows that! 
aluminosilicates should make useful window materials. }7 
Measurements at a low frequency on glasses very similar 
to H26X and C37 show good stability of dielectric loss 
against temperature rise. This, combined with their high} 
softening temperature, suggests the possibilities of high power 
handling capacity of aluminosilicate windows, but no work 
has been done on this. The table shows that their maximum }_ 
bake-out temperature will be between 700 and 800° C, 


provided that rapid changes of temperature over the anneal- 
ing range are avoided; sealing temperatures are around 
1200° C. 

The aluminosilicates are designed for sealing to molybdenum, 
which, for the success of the technique, must be capable of | 
fabrication into vacuum-tight cups, cylinders, etc. The 
ductility of molybdenum rises markedly with temperature”) } 
around room temperature, and deep drawing is facilitated } 
by using heated tools. However, it was found possible™ to } 
draw cups from good quality sheet of 0-010 thickness at 
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om temperature provided the material was kept under 
ision by pressure pads. 


GLASS-TO-METAL SEALS 


Molybdenum heated in air readily forms the dioxide and 
oxide at low temperatures, and the latter is volatile above 
out 700°C. The impossibility of making large seals in 
- will be appreciated; heating in pure nitrogen is also 
desirable due to embrittlement by formation of the nitride 
ove 1100° C. Much of the sealing is therefore done in dry 
-oxidized cylinder argon, heating the metal parts by radio 
>quency induction. 

The molybdenum parts are prepared for sealing by first 
rnacing in wet hydrogen at 900° C, and the edges to be 
assed are deplated in a weak chromic/sulphuric acid solution. 
le parts are then oxidized for five minutes at 580° C in air 
oxygen. A certain amount of trioxide is formed during 
is process and must be evaporated by heating to about 
00° C in dry argon, leaving the adherent brown-purple 
oxide required for glass sealing. Particular care is taken 
handling the glass to avoid contamination from fingers 
ar the parts to be melted. Failure to observe these pre- 
utions may result in a discoloured, unreliable seal. 

A typical component with cylindrical seals is shown in 
g. 1. This is assembled in a sealing-jig (Fig. 2) which 


Fig. 1. Disk seals (half size) 

msists of a long water-cooled induction coil mounted on 
1 insulating base and provided with a concentrator which 
in be moved up and down the vertical axis of the coil by 
‘eans of a cam arrangement under the base. A glass bell 
r encloses the coil and is clamped to the base to form a 
is-tight enclosure. Argon is passed into the working space 
7 means of a tube through the base. The prepared glass 
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and metal parts are stacked vertically on the axis of the coil 
in a jig which applies compression by means of a guided top 
weight whose fall can be stopped at pre-set heights. 

In making the seals, the apparatus is flushed with argon, 
and the useful parts are gradually heated to about 1000° C, 
when the weight begins to sink as the glass melts on to the 
metal, the amount of glass at each seal being controlled by 
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Fig. 2. Sealing jig 


the jig. After the weight has fallen its pre-set amount, the 
individual seals are heated to about 1200°C, when the 
glass wets the metal, as seen by a change in the contact angle. 

The metal is now covered with a thin, tenacious layer of 
dioxide, which is very difficult to remove chemically without 
damaging the seal. However, this is rendered unnecessary if 
the assembly is removed from the jig while still warm and 
annealed in hydrogen (or cracked ammonia). The oxide on 
exposed metal is reduced but the oxide of the seal is unaffected. 
It is found sufficient to anneal the seals by cooling at a uni- 
form slow rate from the upper annealing temperature of the 
glass—2° C/min is adequate for the assembly described. In 
normal glass working, aluminosilicates should be heated 
slowly in the oxidizing tip of a bushy oxygen-air-coal gas 


Fig. 3. Cylindrical seals (half size) 
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flame to avoid decomposition. They can be sealed directly 
to Pyrex. 

Figs. 1 and 3 show typical seals which have been made 
successfully in numbers and baked at 700° C without failure. 
Fig. 4 shows a millimetre wave window, made by sealing a 


: : sone 


Fig. 4. Millimetre wave window (full size) 


0-010 in. thick slip of aluminosilicate over a 0-200 in. hole 
in the end of a cup of 0-010 in. molybdenum. Such a window 
of C37 has been baked at 780° C without failure. 


a 


SINTERED BASE 


The sintered ‘“‘button’’ base technique is easily applied to 
the aluminosilicate/molybdenum combination. A crushed 
glass aggregate, with particle sizes up to about 32 mesh, is 
loaded into a good quality carbon mould together with 
molybdenum rods pre-oxidized as described above; a com- 
pacting pressure of about 7 g/cm? is applied by means of a 
carbon weight sliding freely on the rods. The sintering is 
conveniently done by induction heating of the carbon mould 
to about 1200° C in an atmosphere of dry de-oxidized tank 
argon, when the seals are made and a fairly robust button 
base is produced. A typical sample is shown in Fig. 5; here 
the carbon mould has been shaped to provide some sintered-on 
sheathing and so obtain increased insulation—in this case up 


Fig. 5. 


Sintered pinch 
(half size) 


Fig. 6. Sintered pinch 
assembly (half size) 


to 9kV between adjacent wires. It was not found possible 
to make a reliable metal to glass seal at the periphery of the 
button, but the sealing of a glass tube to the base as a separate 
operation is easily accomplished in another induction-heated 
carbon jig. Fig. 6 shows a completed base in which the glass 
tube has. been previously sealed to a molybdenum tube. The 
final structure is annealed as described previously. 


BRAZING 


Molybdenum can be plated with nickel or copper.6-7) A 
nickel-plating process used by N. Rain of this Laboratory is 
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given in the Appendix. The metal parts can then be brazed 
into the tube using any of the conventional brazing alloys— 
copper-silver, copper-gold, etc. A thickness of nickel of | 
0-0003 in. is found to be about optimum from the point of | 
view of adherence of the plate combined with good protection | 
of the molybdenum. 

Molybdenum itself can be wetted by palladium—nickel, 
platinum-—nickel or platinum-silver alloys, and a braze can 
be effected if the parts can be raised to around 1200° C ina 
reducing atmosphere. The titanium hydride technique can } 
also be used to braze copper or silver or their alloys directly | 
to molybdenum. 


BAKING TEMPERATURE 


Gases dissolved in the materials of the tube components 
diffuse out at a rate depending on the gas and material and }| 
cannot be entirely removed from metals without melting them. | 
However, a few hours bake at 700° C was found: sufficient 
to degas the tube mentioned in Ref. (1) to a satisfactory 
degree and no obvious improvement in tube performance 
resulted from longer bakes. To remove the same amount 
of gas at 400°C might take several weeks, diffusion rates 
varying exponentially with temperature. An increase in the 
bake temperature to 800° C might thus give a further factor | 
of improvement of between 3 and 10 times depending on the 
gases present. 

One consequence of speeding up the diffusion process at 
high temperatures is that gases from the atmosphere are able } 
to dissolve in the metal envelope and diffuse through to the 
inside causing a deterioration in the tube exhaust vacuum. 
For this reason it is necessary to bake in a vacuum oven. 
The process of solution in metals is one of chemical com- 
bination, molecular gases at the hot surface dissociating into 
atoms and working their way through the metal lattice. At 
high pressures this process leads to a law of variation of the 
rate of diffusion with the square root of external pressure, 
but at pressures of the order of 1 mm of mercury the surface 
ceases to be completely covered by a layer of gas. The 
fraction of the surface covered then depends on the pressure 
and the rate of diffusion is approximately proportional to 
the external pressure. Clearly it is worthwhile reducing this | 
pressure as much as possible. 

Fig. 7 shows diagrammatically a pump set utilized for the | 
tube of Ref. (1). The tube itself is evacuated by a fractionating 
oil pump capable of an ultimate vacuum better than 1077 mm — 
of mercury while the bell jar surrounding the tube and oven - 
is pumped out by a separate high speed oil diffusion pump to 
about 10-5 mm of mercury. The oven consists of a self- 
supporting zig-zag cut from 0-010 in molybdenum sheet; 
the tube is inside this and the whole is surrounded by a nickel 
heat shield and finally by a bell jar. 

The effect of high temperature baking on the activity of an 
oxide cathode is strikingly illustrated by the performance of 
the cathode in the tube of Ref. (1). This is required to run 
at a high emission density (0-6 A/cm?). Tubes processed at 
400° C failed by cathode poisoning after a few tens of hours: 
processing at 700° C in a vacuum oven gave lives of about 
1000 hours. 

The limit on baking temperature is not set by the glass alone 
for this is safe at least up to 800° C. The length and intensity 
of the bake will generally be governed by the effect of tem- 
perature on the properties of commonly-used materials. For 
example, the vapour pressures of metals or their oxides may 
be quite high—silver and copper have vapour pressures of 
10-4 and 10-5 mm of mercury at 700° C—and conducting 
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ms may be built up on windows and insulators. At this 
mperature also the yield strength of metals is only a fraction 
‘their cold strength. Hence the design of metallic springs 
T use as retaining elements in tube structures presents a 
‘oblem. Tungsten and the Nimonic series of alloys (by 


TRI 


4 


tube pump vell jar pump 


Fig. 7. Pumping set 


lenry Wiggin and Co. Ltd., Birmingham) have been used 
ut, in our experience, torsional creep in wires of these 
1aterials is more severe than the longitudinal variety and 
ifficulty is found in making a spring which is of adequate 
trength above 700° C without being embarrassingly bulky. 


CONCLUSIONS 


The use of high melting point molybdenum-sealing alumino- 
ilicate glasses in the construction of microwave tubes has 
pened the way to better outgassing by high temperature 
aking on the pump; significant increases in cathode per- 
ormance have been achieved by this method. The method 
as several advantages over the ceramic technique, particularly 
i teliability and adaptability. In addition it seems likely 
hat the aluminosilicates will make useful microwave window 
jaterials. The technological difficulties of forming molyb- 
enum, making large glass-to-metal seals with it, and pro- 
scting it during the bake have been overcome. 
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APPENDIX 


The nickel plating of molybdenum. As mentioned in the 
text, molybdenum parts can be silver brazed if first plated 
with nickel. For a vacuum-tight seal, of course, it is desirable 
that the nickel should be securely bonded to the base metal. 
Thus it seemed logical to consider a process which would 
ensure an adherent plate—even if the adherence was initially 
only superficial—and which allowed for diffusion bonding by 
means of a short heat treatment in a reducing or inert 
atmosphere without either blistering or peeling. 

In the process now to be described, the technique concen- 
trated on an efficient cleaning cycle, followed by a Wood’s 
chloride nickel strike, then a nickel plate in a type of bath 
which would give a soft ductile deposit. After plating the 
components were given a heat treatment in cracked ammonia 
gas or hydrogen for a short period at a temperature of 
650-700° C. This served two purposes; it bonded the deposit 
to the base metal, and/or gave a check on the quality of the 
plating, as unsatisfactory deposits blistered. It was found 
incidentally that temperatures as low as 500° C gave evidence 
of diffusion bonding. 

The cleaning treatment is critical, as in all electroplating 
techniques, and it is essential to maintain all solutions in a 
good condition. The acid cleaning bath and anodic electro- 
cleaning bath should be frequently renewed; care should be 
taken with the nickel strike bath particularly in regard to its 
acid content which should never be allowed to become 
exhausted. 

The exact cycle is as follows: 


(1) Degrease. 


(2) Immerse in acid cleaning bath at room temperature for 
20s. 


(3) Rinse in tap water. 


(4) Electroclean anodically in the 3% sulphuric/chromic 
bath for 1 min at a current density of 0-200 A/cm?. 

(5) Rinse-in tap water. 

(6) Nickel ‘strike for 1 min in Wood’s bath at a current 
density of 0-100 A/cm?. : 

(7) Nickel plate at current density suitable for bath tsed. 

(8) Rinse in running water, finally in distilled water and 
dry. 

(9) Furnace in cracked ammonia or hydrogen for 10 min | 
at 650°—700° C. 
This should result in a firmly bonded, blister-free 
plating. 
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The particle size of some Witwatersrand mine dust 


By H. St. G. Tucker, M.A., Chamber of Mines, Johannesburg, S. Africa 


[Paper first received 21 March, 1956, and in final form 6 July, 1957] 


The size distribution of mine drilling dust is examined and the use of Gaudin’s relation to 
describe it proposed. The literature is reviewed and it is inferred that this is the true distribution 
for any dust of this kind. 


In connexion with the dust hazard in mining operations, it 
became clear that obtaining a measure of dustiness indepen- 
dent of the particular situation and the instruments employed, 
in fact the choice of instruments for sampling and assessment, 
called for a knowledge of the size distribution of the dust.“ 
To determine this, however, seemed to present some difficulty 
in view of the very large uncertainties associated with sampling 
a dusty atmosphere. A search of the literature revealed no 
agreement on this question. Roller, of the U.S. Bureau of 
Mines Research Station, advanced a relation for the weight 
(dM) of the fraction of size (a) of the form 


Bake = Aa* exp (—B/a) 


da (1) 


where A and B are constants.~ More recently Wynn and 
Dawes arrived at a radically different type of relation between 
the particle count (dN) and size 


_  dN/da = A exp (—Ba) (2) 


where 4 and B are again constants, for the airborne dust in 
’ British collieries.°) They argued that rock dust would be of 
the same form. Roller expected his relation to hold for 
industrial dust in general; in fact his result was actually 
derived from fine-grinding data. 

That a basic size-distribution applying to dusts and fine- 
ground products generally existed appeared to be commonly 
accepted in the literature; also that it must be related to the 
mechanism effecting comminution—an obvious starting point 
for an attack on the production of dust. In view of the 
availability of several thousand thermal precipitator sample 
counts of mine dust, compared with the 130 used by Wynn 
and Dawes, it was therefore decided to investigate their size 
distribution. 


EXPERIMENTAL DATA 


The material consisted of a collection of nearly 1500 
sample counts taken in the course of some ‘“‘Jackhammer” 
drilling tests underground, from 1939 to 1943. The amount 
of water used in drilling was varied. A number of working 
places, on different mines, were used. In most cases they were 
ventilated from the downcast shaft. 

The thermal precipitator cover slips were ignited and then 
washed in 50% hydrochloric acid to remove carbonaceous 
matter and salts originating in the drilling water. The dust 
particles were counted under the microscope as having a 
diameter of less than 0:2, 0-2, 0:4, 0:8, 1-2, 1-6, 2-0, 2:5, 
3, 4 or 5 w and above, using the Patterson—Cawood graticule. 
‘The two end classes were rejected as inevitably introducing 
a spurious curvature.4) The majority of the samples were 
‘counted twice: before and after acid treatment. 

It was assumed that the collecting efficiency of the thermal 
precipitator is independent of particle size for the range 
O-1<a<4-5u.©) The acid treatment can cause a 
mechanical loss of particles, which may be size-selective. 
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This material was selected because (i) it constituted the 
largest single dust sampling project, (ii) the drilling dust 
might be expected to exhibit the basic “breakage”’ pattern 
comparable with other comminution studies, and (iii) for the 
importance commonly ascribed to drilling in the creation of 
dangerous dust in mining. 


PROCEDURE 


The treatment of an experimental size analysis was 
described in detail by Martin™ and has been reviewed more 
recently by Work, Austin and Ratcliffe,® among 
others.0-!% 

The relative number of particles in unit size interval was 
plotted against size.“ Plotting 1233 samples, ignited only, 
on a logarithmic scale, yielded an almost rectilinear figure in 
two parts, with a break at a particle size a~2u. A 
peculiarity at the large size end in one block of 230 samples 
was apparent, and was traced to a faulty counting procedure. 
When this material was subtracted, leaving 1000 ‘‘good” 
counts, a very nearly linear plot was obtained. This indicates 
a very simple equation of the form 


a™(dN/da) = const. (3) 


where dN is the number of particles to be found in the size 
range a to a + da. When a similar plot was made of 1480 
counts following both ignition and acid treatment neither 
component of the distribution was removed: the figure was 
similar but for some change in slope and improvement in its 
rectilinear appearance. For the benefit of the large-size end 
386 faulty counts were subtracted, as above, leaving 1094 
“good” counts. 

These curves are given in Fig. 1. 
the exponent (m) are: 


CF age a>2u 
Ignition 2°50 9/25) 
Ignition and acid 2:00 “A085 


To show that relation (3) is a necessary and sufficient 
description of the data, the average deviation was estimated, 
point by point, for the two curves (the broken lines in Fig. 1). 
Fifty per cent of the counts fall within these limits. It can 
be seen that a two-part rectilinear figure is the simplest 
consistent with the information. 

Both parts of the distribution are therefore rock particles. 
In order to investigate the composition of the distribution 
further, the totals were extracted under several headings. 
The evidence of these smaller groups should be treated with 
caution. There were a number of samples taken in: the 
drilling excavation itself, and a number taken in the air 
leaving it. In addition there were a number of samples of 
the “‘clean” air entering the working place. The numbers of 
samples were 289, 280, 296 and 340, 333, 315, counted before 
and after acid treatment, respectively. With ignition only. 
the break at a ~24 is rectilinear for the drilling point 
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umples, less strikingly so for the return air. The incoming 
entilation, which in most cases should have been air relatively 
ncontaminated by other mining operations, exhibited the 
ame type of dust content. To check this result all the 
iaterial was divided into two categories according as to 


Arbitrary logarithmic scale of number count 


O2 


Particle size (}) 


Fig. 1. The particle size distribution of the dust 


a, ignited; 5, ignited and acid treated. 


yhether the total concentration of rocky particles alone was 
reater, or less than, 100 particles per cm?. Experience in 
nis laboratory advised that the latter category must consist 
f overwhelmingly “intake” air, or, if not, arise from working 
? an excess of water effectively flooding the drilling point 
some of the tests involved such conditions) so that virtually 


Witwatersrand mine dust 


“clean” air passed over into the “return” airway. This 
comparison utilized 733 and 961 counts of more than 100 
particles per cm?, and 500 and 519 of lesser concentrations, 
with and without acid treatment, respectively. Both curves 
were similar to those already described. Further, all the 
material was divided into twenty-seven groups by dust 
concentration, from 40 to 4000 particles per cm*, the lowest 
concentrations being, of course, ordinary air. The form of 
the curves was seen to be independent of the dust concentra- 
tion, apart from some rounding off of those for the very 
lowest dust contents where the statistical sampling errors are 
rather large. 

Comparison of the counts before and after acid-treatment 
shows some excess of water-borne salts towards the lower 
end of the size range in the less than 100 particles per cm? 
material. A concentration of salts towards both ends of the 
range is suggested by the slopes of the curves of Fig. 1 already 
noted. Acid treatment reduces the curve for the drilling 
point material to near coincidence with that for samples from 
the “return” airway, both in distribution and absolutely, 
suggesting the composition of the drill mist constituent. 
Similarly, the greater part of the “dust’? content of the 
incoming air is shown to consist of salts. Thus the small salt 
species seems to originate in the incoming air (the usual 
atmospheric nuclei?) and the large from the drilling water. 

The distribution curves applicable before and after acid 
treatment are shown in Fig. 1. Other curves may be repro- 
duced from the table. Some electron microscope observations 
in this laboratory suggest that the form of the curve below 
2 ps is the same down to about 0:01 yu. With regard to Fig. 1 
it may be remarked that the deviation from a straight line 
noticeable in the region of 1:2 4 is exactly removed if we 
suppose that the microscopist has made no correction for the 
diffraction disk down to this point. 

Summary. From the foregoing observations it is clear 
that relation (3) is a suitable description of the dangerous 
dust broken by the drill for use in the kind of evaluation 
mentioned at the beginning. There is also some suggestion 
of generality in that the same form is observed in the incoming 
air. In addition it may be remarked that a small number 
(316) of counts from some other work suggests the same 
curve; as do some from rock-loading (182) and blasting (58), 
though with different constants. 


The size-analyses of the drilling dust 


Normalized count/0.1 v. size interval 


Item EN Ber 50) 0.4 0.8 1.2 1.6 2.0 2.5 3 4u 
‘otal ignited only 12332 147-5 ea 4:60 1:83 0:76 0:46 0-065 0-03 0:01 
less faulty material 1000. 134-24 21-66 4:52. 1:87 0-77 0:40 0:064 0-014 0-0023 
‘otal ignited and acid treated 1480 44-73 8:96 2:43 1:04 0:50 0:28 0-029 0-039 0-027 
less faulty material 1094 30:66 7:67 2-15 0:96 0-41 0-15 0-015 0-0019 0-0002 
\ir entering working place ignited only 296: ) 38210 ~ 8°83. 1° 55° = 0785.02.42: — 0222°470-045.\ 0-012. 00037 
ignited and acid treated S19 2: 81"22* 47; 0°82..-:0- 41. 0315 ~~ 0-062, 0-013». 0- 0017 ..0+0035 
Vorking place ignited only 289° APS) 30 27-0 5-64. 2-555. 1:07, 0-64 0-073: .0:026 .0-0059 
ignited and acid treated 340 40:02 9-65 2:46 1:18 0:57 0:25. 0:019 0-0078 0-0035 
\ir leaving working place ignited only 280 125-5: 20:97; 4:04 1-69 0:77 0-37. 0-055 0-015. 0-0021 
ignited and acid treated B30 57 OOlo tor ti sen) oe 0620-49" 20-2025 0-019 % 10 013 20-012 
Aore than 100 particles per cm? ignited only 733 178-59 29:31 6:54 2:65 1:17 0:65 0:090 0-046 0-016 
ignited and acid treated 961° 162-51" 12°44 53°08. 1-39" ~~ 0*71«. 0-39 "0-041. 0-057 ~ 0-039 
ess than 100 particles per cm? ignited only 500 102-50 9-28 1:76 0:63 0:33 0-175 0:029 0-022 0-0078 
ignited and acid treated 519°=- 102822 2-49 0-73 0°31. °..0°12. - 0-062 0-°0066. 0-0077' * 0-0056 
ther drilling dust ignited only 2008 32-45-010°45- 12°26. 0:85 5 .0:38--.0- 18-009 0-031 0-028 
ignited and acid treated 1165 -312-3 3°8 0:88 0:45 0:14 0:042 0 0» 0 
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““BREAKAGE’’ 


The distribution observed for the rock dust below 2 
a>(dN/da) = const. (4) 
i.e. a.N = const. 


has some plausibility as a  size-frequency on general 
grounds.“3) But is must be made clear that nothing has 
been said thus far about the ‘‘true” size-frequency of the 
dust, which cannot be obtained empirically but only 
analytically“'>: !© as will now be reviewed. 

It has been mentioned above that a size-frequency is 
commonly considered to reflect the mechanism of “breakage.” 
The obvious analysis of a repeated fracture process leads to 
the exponential form !7) adduced by Wynn and Dawes in 
support of their result.) The present results were therefore 
something of a surprise. It seemed necessary to investigate 
whether a “true” size-frequency of this form [relation (3)] 
were possible. 

Another point: while Roller’s and the present material 
would seem suitable for this mode of analysis, the coal dust 
samples studied by Wynn and Dawes were not ignited to 
remove ordinary smoke; their smaller component resembles 
smoke. They obtain a two-term distribution, but the physical 
basis they offer for it would not account for the similar 
feature in the present results. 


SIZE DISTRIBUTIONS 


There is a great deal of information available on this 
subject which does not seem to have been brought together 
in this connexion before. If our interest is confined to dust- 
size products smaller than, say, 10, it is a question of 
comminution products inferior to the grain size of the massive 
rock, and the mechanism is likely to be largely independent 
of the size-reducing agency; the interpretation of the results 
of the many studies of size-reduction processes and the like 
is much simplified. 

The sizing of crushed rock was extensively investigated by 
Martin for the British Portland Cement Association.“ !8-2)) 
He put forward a size-distribution of the form 


dN/da = A exp (— Ba) (2) 


where dN is the number of particles in the size range a to 
a-+ 6a, and A, B are constants. However, Rosin and 
Rammler reported to the German State Coal Board that 
this distribution was unsatisfactory, at least for the finer 
products of coal.2?) They proposed the form 


dM 
: Wa = A exp (— Ba‘) (5) 


ie. dN/da = A’a°~* exp (— Ba‘) (Sa) 


where dM is the weight fraction in the size range a to a + da 
and A, 4’, B, c are constants.2?-3>) Meanwhile a third form, 
associated with the name of Gaudin, had been reported(!7: 3) 


dM/da = Aa® (3a) 
i.e. dN/da = A’q®-3 


where A, A’ are constants and m of relation (3) has been 
replaced by GB — B), 


BRITISH JOURNAL OF APPLIED PHYSICS 


100 


THE INFORMATION AVAILABLE FROM 
SIZE-DISTRIBUTION STUDIES 


The general form of size-distribution for the product of a 
size-reduction process is probably as illustrated in Fig. 2,9 
in which portions A and B may be thought of as representing 
“primary action” and “secondary action” respectively. 
The relative importance of portions A and B varies greatly 
with the process,®) the portion B being predominant in 
percussion processes?” or in any process involving a high 
reduction ratio.“7) Particles smaller than 10 probably 
always fall into the region. From another point of view, 
when a massive lump is shattered, the product may be classi- 
fied as consisting of a small number of large pieces (“‘residue’’) 
and fines (““complement’’).(1® 38-4) 


dNida 


a 


Fig. 2. The general form of a comminution product 


The exponential size-frequency of Martin implies the 
fracture of particle diameter in all proportions with equal 
probability.) It was derived from a model of sticcessive 
particle division and applied to finely-reduced rock, 18 
crushed anthracite, coal, cork, peat, etc.4); rejected for 
coal(s, 22,40; and revived for coal dust.© It has been 
identified with the coarser products of size-reduction processes 
generally,“ !%) or with the ‘“‘primary action.”@¢® It has 
been linked with particle fracture“ !%) yet considered proper 
to the products of granular source materials above the grain 
size.49: 4 Though unsatisfactory for coal it has been 
accepted as describing the product of a single “‘stage”’ in its 
crushing, succeeding products evolving into the form (5) .4! 43) 
It has been applied to the sizes of rain-drops.(4* 45) 

A rationalization of form (3a) has been offered“4® and a 
mechanism: !%; it has been derived from an equipartition 
law, or Rittinger’s law.47-49) It was originally proposed for 
the finer products of grinding processes, the whole product 
sometimes conforming in the case of high reduction ratios.¢” 
This form has been fitted to the ‘““complement”’ in shattering 
a homogeneous non-granular solid, or the sub-grain products 
of granular solids.4%4) It can apply, it seems, to the 
fracture of a single crystal over a wide size range,© contrary 
to the hypothesis as to the basis of relation (2).3>4.12 It 
seems justifiable to ideniify this form with “secondary 
action,’ in preference to the more cautious statement that 
“secondary action’? amounts to a combination of types (2) 
and (3a). It is certainly associated with percussion pro- 
cesses,?” another example of high reduction ratios. For 
fine comminution we find that B in relation (3) equals, or is 
slightly less than, unity,@7)47,5® particularly for quartz37) 
and quartzite.4® So far as they go some figures for Belgian 
colliery dust conform to this pattern,© though in Britain 
this dust is reported as obeying relation (2), 

This type (3a) of size-distribution has a much wider 
significance.®) It has been found to describe the whole range 
of ‘natural’? aerosol particles and condensation nuclei in 
the atmosphere as rendered by the thermal precipitator, 
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\itken) nucleus counter and ion counter together in the size 
inge 0:05 < a < 20, in agreement with optical measure- 
‘ents of visibility, sky colour, polarization, etc.62-59 In 
fis case we find —1 < B << 1,63,55, 60, 61) 

‘In practical size reduction the object is to obtain a product 
' the desired size efficiently and the ‘“‘feed’’ size and 
achinery used can be adapted to this purpose. Relation (5) 
as advanced by Rosin and Rammler on the basis of a 
‘semblance between plots of their crushing products and the 
‘stribution of the log-normal curve about its modal peak. 
‘ansforming relation (5) into 

. | dM/da = A’a’' exp (—Ba‘) (5d) 
_ appears that since c ~ 14” it might better be put 
srward as an empirically adjusted exponential in weight, 
jalagous to relation (2), and on a similar basis, imply- 
g “random breakage’ in volume. A _ fundamental 
gnificance was attributed to this form, and a very wide 
Uidity claimed. 12, 15, 16, 23-35, 37, 40-42) Jt has been widely 
nployed, applied to the size range 20<a< 150 for 
any materials,“ particularly those of a granular nature 
.g. dolomite) when fine-ground, to silica powders 
<a< 100p.4) It is probably appropriate to the grain 
ze of some photographic emulsions,“ although the 
osin-—Rammler distribution was not known to’ these 
vestigators. It has been applied to the drop-size of rain.) 


DISCUSSION 


It may be noticed that for small a relation (5) becomes 
‘lation (3a), while for large a the exponential term pre- 
dominates and we have the analagous form to (2). For a 
ngle “stage” of crushing c = 1," i.e. “random breakage”’ 
1 volume. With further crushing we find some departure 
om unity: the emergence of the function (a) of relation (3a). 
or the initial product, where c = 1, at small a we have, 
ansforming, 
dN/da = A’a~3 


>, relation (3a) once more, and precisely the result of Gates 
1d Gaudin.“7: 36 The general application claimed for 
lation (5) arises logically from its containing the large- and 
nall-size relations (2) and (3a).© And, further, the fact 
'¢ = 1 for the initial “breakage,” together with a moment’s 
msideration of the analogy with form (2), suggests the 
atus of form (5) as a combination of a “‘primary action” 
elation (2): the ‘Gaussian’? component,°7> 4!) Gaudin’s 
paraboloid loop,’ Bennett’s “‘residue’’] and a “secondary 
tion” [relation (3a): “‘free fracture,’’°”) Bennett’s “‘comple- 
ent.”]%® In general, over a sufficient range, it looks as if 
¢ may expect to find the coarser product obeying relation (2), 
hile the finer sizes conform to relation (3a), the intermediate 
rm (5) being an attempt to cover both ranges at once. In 
her words the initial ‘‘breakage’’ is defined by relation (2) 
resumably, implying Kick’s law); further action introduces 
size-frequency of the form (3a) (obeying Rittinger’s law), 
reading from the small-size end so that that part of the 
tal product nearest the “feed” size, though somewhat 
odified,4!) continues to be dominated by the form 
),(10,17, 47) until, after a very great reduction, the whole 
oduct is transformed into the form (3a).“” In fact, a 
sent study of shattering water drops produced a size distri- 
tion clearly divisible into two portions, one Martin—and 
e Gaudin—type. 

This interpretation of the “general curve” differs from 
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that!® 38) according to which it consists of a “Gaussian” 
(presumably log-normal®>) part,“!) 19:4) together with a 
Gaudin-type component®”); or with a Gaudin component in 
the case of a homogeneous parent material and a Rosin— 
Rammler-type component in the case of a _ granular 
material.“4!) On the basis of the preceding analysis this 
view appears to involve a mathematical contradiction, apart 
from some obscurity, and a difficulty in the derivationG®) of 
relation (5) “from probability considerations’? in that 
where the starting assumptions would seem to be best ful- 
filled—for homogeneous massive material—relation (3a) is 
actually observed.4!) A similar point was noted in the 
previous section and also emerged in connexion with Wynn 
and Dawes’s work. It is for this reason that no reference has 
been made to the tedious question of assigning ‘‘breakage” 
probabilities proportional to particle size—or even inverse 
size“43)—and an inductive approach adopted. 

The implied criticism of relation (2) is that it obscures the 
mechanism and for this reason has, in fact, proved barren of 
interpretative value.4)) But as a convenient description of 
the intermediate region of relation (2) and (3a) is it not 
practically useful? The answer is that it is not.©® This 
conclusion may be illustrated by referring again to the 
intermediate-type distribution due to Roller@> !#»°® given in 
equation (1) which was tested on some of the same data as 
relation (5) and a similar general import claimed for it. 
Work) claimed that this relation had been proposed by 
him.(® Actually it contradicts his argument in that paper, 
differing as it does from the form (5) in that here the exponen- 
tial term is important at small values of a. The fact is that 
the form of relations (1) and (5) is such that with the ordinary 
experimental gradings it is difficult to decide that a significant 
measure of fit has been obtained. A test of some U.S. Bureau 
of Mines data‘®”) illustrated this particularly well. 

Several other relations have been proposed by various 
authors‘ !!; 42, 68) to fit certain results. There is no convincing 
case of the natural occurrence of the log-normal form 
reported. 8-6) That the forms (2) or (3a) when truncated 
as by a screening operation generate a log-normal distribution 
has yet to be shown. 


CONCLUSION 


The interpretation of the ‘most general distribution” 
which has been offered may be contained by implication in a 
purely mathematical paper by Lienan.©? It differs from 
previous treatments [e.g. Refs. (1), (10), (38), (41)] in its 
conclusions. It suggests that fine airborne dust from the 
shattering of rock may be expected to have a Gaudin-type 
size-frequency. It suggests that the same form may be 
anticipated from ordinary air. Atmospheric salt nuclei have 
this characteristic, sometimes two-part.©?:>© In equation 
(3a) we find —1< B< 1. 

All this is in agreement with the results obtained for drilling 
dust, except for the value of B for a>2. Since this 
pattern is so general it suggests a fairly invariant dust form. 


Changes in the processes producing it are unlikely to affect 
it .2°) 
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The synthesis of single crystals of the sulphides of zinc, cadmium 


. 
4 


and mercury and of mercuric selenide by vapour phase methods 


By D. R. HAmiLton, M.A., Ph.D.,* Department of Physics, The University of Birmingham 


[Paper first received 24 July, and in final form 9 October, 1957] 


Experiments with the Reynolds—Czyzack method of growth are described for zinc sulphide and 


& | cadmium sulphide. 


A new application of the method to the crystallization of mercuric 


sulphide is discussed. Single crystals of mercuric selenide have been produced by a vapour 
phase reaction and similar experiments attempted with mercuric telluride. The conditions of 
growth are examined in the light of recent theory; estimates of surface free energies are obtained. 


1. INTRODUCTION 


‘he study of conductivity and luminescence among members 
f the zine sulphide (ZnS) family has been greatly facilitated 
y the synthesis of crystals of controlled composition. Since 
Ne reintroduction of the Lorenz method for cadmium 
alphide (CdS) by Frerichs“ in 1947, a variety of alternative 
ublimation techniques have been advanced. It is the purpose 
f this paper to describe growth of crystals by the method of 
teynolds and Czyzack.®) The experimental results are dis- 
ussed in terms of current theories of crystal growth. 


2. EXPERIMENTAL 


Growth of zinc sulphide and cadmium sulphide crystals. 
‘owdered zinc sulphide or cadmium sulphide was placed in a 
ased quartz tube and heated in a furnace with two indepen- 
ent sections (see figure). The temperature of the powder 


The two-section furnace showing the habit of cadmium 
sulphide crystals in a typical run 


‘) was controlled by the first section. The other section was 
sed to establish a temperature gradient along the length of 
he quartz tube. The crystals formed in the apparatus as 
hown. The crystals deposited in the vicinity of the tempera- 
ure 7, will be called the normal growth and comprise the 
arger part of the yield. Crystals grown at the temperatures 
and 7, are less numerous, and will be discussed in detail 
1 Sections 3 and 4. The experimental details are collected in 
‘able 1. 

An atmosphere of 10-20 cm of hydrogen sulphide, prepared 
y triple vacuum distillation, was maintained in the quartz 
ibe. This gas dissociated appreciably above 1100° C. The 
ulphur deposited in cooler regions of the system and the 
tmosphere became slightly reducing. Even with several 
tres of hydrogen sulphide and frequent gas changes crystals 
f apparently reduced composition were found during runs 
bove 1100° C. The dissociation alters the nature of chemical 
quilibrium above the growing crystals which in turn may 


* Now at Westinghouse Research Laboratories, Churchill 
orough, Pittsburgh 35, Pennsylvania. 
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effect a change in growth rate. In this connexion it was 
found that the growth rate was reduced when inert gases 
were used. 

Mercuric sulphide. The apparatus used for the crystal- 
lization of mercuric sulphide (HgS) was similar to that 
shown in the figure. Since the temperatures employed were 
below 550° C (Table 1) a glass tube was substituted for the 
quartz tube. It is likely that runs at lower pressures and 
temperatures would prove equally satisfactory. 


Table 1. Physical conditions for growth of sulphide crystals 
Tp Te dT/dx Pressure Run time 
Eq) CC) (©C/em) (H2S in cm) (h) 
Zns 1180 1100 ibs) 10 100 
CdS 980 910 10 20 100 
HgsS 490 440 8 35 50 


The runs times indicate the lower limit for growth of crystals 
of approximately 20 mm? volume. 


Mercuric selenide and mercuric telluride. Direct appli- 
cation of a Reynolds—Czyzack method to mercuric selenide 
(HgSe) and mercuric telluride (HgTe) is complicated by 
several factors. Neither material is readily available, and 
synthesis in a melt is reputedly violent. Stoichiometry is 
consequently difficult to control. Hydrogen selenide or 
hydrogen telluride would have to be used in the atmosphere; 
both gases are very toxic. 

Mercuric selenide was crystallized by a method analogous 
to that of Frerichs for cadmium sulphide. A two-section 
furnace was again employed. A flowing atmosphere of 
oxygen-free nitrogen was passed successively over mercury 
and molten selenium. The temperature of each metal was 
adjusted so that its equilibrium vapour pressure was 10 cm. 
The details are shown in Table 2. A maximum temperature 
of 600° C was reached a few centimetres beyond the selenium; 
although the point was not investigated, it is thought this was 
not essential. Crystals deposited in a fashion similar to that 
of the sulphides. 


Table 2. Physical conditions for growth of mercuric selenide 
and telluride crystals 
T of Hg T of Se Te dT|dx Run time 
(°C) or Te (°C) (CC) (C/cm) 
HgSe 255 560 350 10 18 
HgTe 255 840 see text 8 18 


The rate of flow of Nz was approximately 1 cm?/sec. 


Mercuric telluride did not condense in single crystal form, 
although polycrystalline material deposited at temperatures 
about 400° C. Dendrites of tellurium were recovered below 
400° C. 
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3. RESULTS 


Crystal habit. Two distinct habits were found among 
crystals of zinc sulphide and cadmium sulphide. The crystals 
which deposited at T, and 7, were hexagonal columns, a 
few millimetres long and one to two millimetres thick. The 
principal axis of the column is [0001]. The sides of the 
column are rarely good {0110} planes, for microscopic 
examination reveals the presence of numerous growth sheets. 
These advanced from the base and edges of the column 
towards the top. High index surfaces were frequently found 
at the top of the column. 

The second habit was principally dendritic and was found 
in the region of the temperature 7. The crystals grew up 
to two millimetres in length, with small cross-section. As 
a consequence, recovery was difficult. The dendrites were 
often thickened by the growth of thin sheets parallel to the 
unique axis. 

Crystals of mercuric sulphide grew only in the columnar 
habit described above. The side faces were poorly developed 
and it was often not possible to determine structure from 
casual inspection. The principal form was hexagonal. 
Dendrites were not observed. 

Mercuric selenide deposited as flat hexagonal or near 
hexagonal plates. The basal [0001] face is well developed. 
Oriented overgrowths can be found on this face, and growth 
sheets on all faces. 


Regions of deposit. The growth rate of crystals of normal 
habit decreased rapidly as the temperature of the deposition 
region increased above 7,. At temperatures 10° above 7, 
the growth rate of this habit was negligible. The dendritic 
habit formed at still higher temperatures; this behaviour will 
be considered in Section 4. Crystals of normal habit 
deposited in the vicinity of 7, greatly decreased the concen- 
tration of sublimate molecules in the atmosphere. Because 
of this, few crystals grew in cooler parts of the apparatus. 
It has also been noted that considerable crystal growth may 
occur directly on the powder mass at the temperature T,. 
These crystals are of normal habit, but, as will be shown 
later, cannot grow by the same mechanism as those at. the 
temperature T... 

Experiments under various conditions have shown that for 
small changes of the temperature 7,, the difference in 
temperature 7,—T, remains nearly constant. When 43 
(and hence T,) was increased the normal deposit consisted 
of a small number of larger crystals. Higher deposition 
temperatures favoured growth of crystals with better developed 
faces and greater size. This behaviour is well known in the 
growth of crystals from solution, but, to the author’s know- 
ledge, has not been reported for growth from the vapour 
phase. This observation has led to the use of higher tempera- 
tures for zinc sulphide than normally employed. Shorter 
runs were possible and losses through failure of the quartz 
vessel were reduced. 


Crystal purity. The sulphide crystals were examined for 
luminescence excited by ultra-violet light at liquid oxygen 
temperatures. These tests showed that chlorine was present 
in low concentrations. Although the starting materials were 
free from heavy ion impurities, the respective chlorides were 
found in considerable quantities. In one lot of starting 
material the chlorine content was as high as 10% by weight! 
This content was reduced by repeated washing and by the 
following preliminary heat treatment. The washed powder 
was heated in a stream of nitrogen at 300-400° C for an 
hour or two. Low boiling-point components were removed 
at this stage. The system was next pumped out to a rough 

BRITISH JOURNAL OF APPLIED PHYSICS 


104 


i 
24 


vacuum. The temperature was then raised to 550° C and 
650° C for cadmium sulphide and zinc sulphide respectively. 
One hour at these temperatures distilled out all but a few 
hundred parts per million of the chloride from the sample. } 
Although longer heating further reduced the chloride content, 
it was found impossible to reduce the figure below a hundred | 
parts per million if the initial concentration was above 1%. | 
However, further purification could be obtained by vacuum 
distillation. For cadmium sulphide and zinc sulphide, 
temperatures of 650° C and 750° C were used. Such a dis- 
tillation reduced the chlorine content by a further factor of 
five. The sublimed deposit was largely polycrystalline. 
Dendrites were found in the distillation tube between the 
polycrystalline deposit and the precipitate. 

A similar purification took place during runs of the 
Reynolds-Czyzack type. Thus the actual quantity of 
chlorine incorporated into the crystals grown at T, was 
small, less than ten parts per million. In spite of the pre- 
liminary treatment and this subsequent purification crystals 
grew to a greater size if the starting material contained a 
high initial chlorine content. The columns were shorter and 
thicker. The presence of chlorine evidently alters the relative 
growth rates along the different crystallographic directions. 
A similar effect has been noted by Kroger and others) 
during experiments with deliberate introduction of chlorine. | 

As noted earlier, a few crystals of the sulphides showed 
apparent reduction in varying degrees. It was estimated : 
from the resulting luminescence that the deviation from | 
stoichiometry was of the order of one part in 10°. The 
banded appearance of the luminescence of these crystals 
suggested a periodic change in conditions. This periodicity — 
is thought to correspond to the changing of the hydrogen 
sulphide atmosphere. Hydrogen from dissociated hydrogen 
sulphide may have been the reducing agent. 

The chemistry of mercuric sulphide as a phosphor is not 
known. However, the occurrence of luminsecence at 2-2 ph 
is indicative of a moderate degree of purity. The starting 
materials used for the growth of mercuric selenide were not 
of high purity; no analysis was attempted. 


4. DISCUSSION 


There are two current theories applicable to the growth of 
crystals from the vapour phase. The theory of Volmer, 
Becker and others®) depends upon the formation of a two- 
dimensional seedling to serve as a nucleus for the growth of 
a new crystalline layer. The theory of Frank and others 
postulates growth with the help of a spiral dislocation. The 
dislocation presents a self-perpetuating step at which growth 
takes place. 

It is assumed in the former theory that a certain energy W 
is required to establish a two-dimensional seedling large 
enough to survive. The rate of formation of seedlings N is 
related to W by a Boltzmann expression 


N = Bexp (— W/kT) (1) 


where B is a binary collision factor of the order of 1029 s—!. 
Now it can be shown that 


W = tonr? (2) 


where o is the surface free energy and r the radius of the 


seedling. It can also be shown from purely thermodynamic 
considerations that 


RT log p/p, = RT log « = oM/rp (3) 
where p is the density and M the molecular weight. The 
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ipersaturation ratio « = p/p,, where p is the actual pressure 
ove the crystal and p, the equilibrium vapour pressure. 
“om equations (2) and (3) 

: W- 1 mr°p 
; ‘ So = il ] 

KE 230m As ie (4) 
here mis the molecular mass. If it is assumed that r = 2a, 
en the nucleation rate equation may be written in the form 
‘ed by Sears“ and in the present work, namely 


2 
N= Pp a) 
: ©XP \p log «/ \kT @) 


E { : 

Veselovsky. and Rinse‘7:®) have published vapour pressure 
ie for the sulphides over the majority of temperature range 
q interest. This data permits calculation of the super- 
ituration ratio providing the pressure is not reduced by 
fusion, Reasonable numerical estimates suggest diffusion 
‘not important in this connexion. From the observed 
fowth rate it is estimated that N~ 103cm~?sec~!. An 
yerage value is used for the layer spacing, since both o and 
may be functions of direction in the crystal. It is thus 
yssible to use the equations to obtain estimates of the 
irface free energy, assuming that two dimensional nucleation 
as taking place. The results are collected in Table 3 for 
vystals grown at T,. The values are of the correct order of 
‘agnitude, and the variation with molecular weight is in the 
ght direction. It is therefore concluded that two-dimensional 
acleation may have been operative in these experiments. 
»A rough theoretical estimate of the surface free energy may 
+ made by the method of. Harkins.© It is assumed that 
le bonding is covalent and involves nearest neighbour 
‘teractions only. Knowledge of the density of bonds and 
.¢ standard free energy then allows assignment of an energy 
sr bond. Since the number of bonds across a given plane 
| the crystal is known, an estimate can be made of the 
lergy required to break these bonds. The surface free 
iergy is half this figure; the calculated values are shown 


Fable 3. 


able 3. Comparison of experimental values of surface free 


energy 
a = 4(co/2 + aov/3/2) experimental Harkins 

ot (A) (ergs/em2) — (ergs/cm2) 
os 3-74 3-272 700 1200 
dS S25 3-45 500 800 
gS Stony 4-46 300 300 


The sulphide crystals are intermediate in bonding between 
mic and covalent, the degree of covalency increasing with 
iolecular weight. Since the Harkins calculation assumes 
ymplete covalency, it is not surprising that mercuric 
ilphide displays the best agreement between theoretical and 
“perimental surface energies. The theoretical values for 
ne sulphide and cadmium sulphide are high due to neglect 
the ionic repulsive component. 

The experimental values of o have been used to calculate 
'for the crystals grown at Ty. For both zinc sulphide and 
idmium sulphide Neatcutared ~~ 10~1°, while the observed 
ite is N ~ 102 cm~. It is concluded that a screw dislocation 
echanism must be operative. This observation is in agree- 
ent with the proposals of Sears“ for dendrites generally, 
1d for cadmium sulphide in particular. 
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In the case of the crystals grown at T,, the supersaturation 
is not well defined. Experimentally, it could not have 
exceeded 1:1. In order to account for the observed rate of 
growth, two-dimensional nucleation would require a super- 
saturation of ~10’. Consequently, if these crystals grew by 
sublimation, then they must have grown with the aid of 
screw dislocations. However, it was observed that the 
crystals grew only on the powder mass and not on the nearby 
walls of the quartz vessel. This suggests that surface diffusion 
may have played a role in the crystal growth. One can only 
conclude that two-dimensional nucleation did not play a 
part in the growth of crystals at T,. 

Crystals of zinc sulphide and cadmium sulphide were 
examined for spiral growth features using a conventional 
microscope with a narrow parallel beam of light for illumina- 
tion. Spirals were not observed. However, the sensitivity of 
this method of observation is rather low, and spirals with 
shallow steps may well have been present on the samples 
examined. In any case, spirals have been observed on 
natural zinc sulphide crystals. Thus the apparent absence of 
this type of surface feature on crystals grown at T, or Tg 
is not significant. 


S$. CONCLUSIONS 


The principal features of the growth of crystals of the 
zinc sulphide family may be explained by either a two- 
dimensional nucleation mechanism or by a screw dislocation 
theory. Calculations based on the former theory give 700, 
500 and 300ergscm~? as the surface-free energies of the 
sulphides of zinc, cadmium and mercury. 

The author acknowledges with pleasure the help and 
encouragement of Prof. G. F. J. Garlick during the course 
of this work. 


REFERENCES 
(1) Frericus, R. Phys. Rey., 72, p. 594 (1947). 


(2) REYNoLDs, D. C., and CzyzAck, S. J. Phys. Rev., 79, 
p. 543 (1950).; ibid, and ALLEN, R. C., REYNOLDS, 
Cc. C. J. Opt. Soc. Amer., 44, p. 864 (1954); ibid., 
J. Opt. Soc. Amer., 45, p. 136 (1955); CzyZAck, S. J., 
Craic, D. J., McCain, C. E., and REYNOLDs, C. C. 
J. Appl. Phys., 23, p. 932 (1952). 


(3) Krocer, F. A., VINK, H. J., and VAN DEN BOOMGAARD, J. 
Z. Physikalische Chemie, 203, p. 1 (1954). 


(4) DumBLETON, M. J., and Garick, G. F. J. Proc. Phys. 
Soc. B, 67, p. 442 (1954). 


(5) See BUCKLEY, H. E. Crystal Growth (London: Chapman 
and Hall Ltd., 1951) for an extensive bibliography. 


(6) FRANK, F. C. Advances in Physics, 1, p. 91 (1952). 
(7) VESELOVSKY, B. K. J. Appl. Chem. U.S.S.R., 15, p. 422 


(1942). 
(8) RINsE, J. Rev. des Travaus Chim. des Pays Bas, 417, 
p. 28 (1928). 


(9) Harkins, W. D. J. Chem. Phys., 10, p. 268 (1942). 
(10) Sears, G. W. Acta Metal, 3, pp. 361, 367 (1955). 


(11) Vorava, E., AMELINCKX, S., and DEKEYSER, W. 


Physica, 19, p. 1163 (1953). 


BRITISH JOURNAL OF APPLIED PHYSICS. 


The low-temperature conductivity of oxide-coated cathodes 
By G. S. Hiccinson, B.A., Ph.D.,* Physics Department, University College of North Staffordshire 


[Paper received 27 August, 1957] 


Measurements of electrical conductivity in the temperature range 300-700° K employing probe- 

diodes reveal that, in addition to pore-conduction, at least two conduction processes operate in 

parallel at temperatures below 700° K. It is suggested that one of these is movement of barium 

ions over interior crystallite surfaces and the other is electronic conduction limited by electron 
trapping, e.g. by oxygen, at crystal-crystal interfaces. 


In recent years several authors have reported measurements 
of the conductivity of oxide-coated cathodes. The work of 
Loosjes and Vink“) demonstrated that two conduction pro- 
cesses operate simultaneously, one of which, pore conduction, 
becomes the predominant process at temperatures above 
approximately 700°K. Fig. 1 shows the type of curve 
obtained by plotting log o versus 1/T in the temperature range 
500 to 1000° K. The pore conduction hypothesis has been 
substantiated by Hall effect measurements, by poisoning 
experiments) and by extensive conductivity measurements 
employing various techniques.‘4:>>® 

The nature of the conduction process which predominates 
below 700° K is not so well understood. Loosjes and Vink 
pointed out that it might be conduction through the cry- 
stallites limited by barriers between the crystals. Some 
authors) have associated this with “normal semi-conduction” 
whereas others‘”) have proposed a barium film on the cathode 
surface to account for the low activation energies of conduc- 
tion which are encountered. 

In the work described below some experiments are reported 
which help to elucidate the nature of the conduction mechan- 
ism at temperatures in the range 300-700° K. Evidence is 
afforded which suggests that both “‘bulk’”’ conductivity of the 
crystallites and a modified form of surface conductivity 
contribute to the conduction mechanism. 


EXPERIMENTAL 


Coating conductivity and thermionic emission measure- 
ments were made employing diodes with cylindrical sym- 
metry containing a helical probe wire embedded in the oxide 
coating. Such diodes have been described in the literature 
from time to time.@) In each cathode the probe to base- 
metal distance was approximately 50 4, the total thickness 
of the oxide layer was approximately 100 y, and the emitting 
area approximately 2-0 cm?. 

Both the probe wire (diameter 0-0005 in.) and the cathode 
base-metal were of ‘0’ nickel, cleaned by washing in hot 
distilled water and heating to redness in a stream of hydrogen 
for five minutes. All the metal parts of each tube were cleaned 
in a similar manner before assembly and subsequently were 
handled only with clean pliers. Cathodes were prepared by 
spraying on to the nickel base a mixture consisting of equal 
proportions of barium and strontium carbonates suspended 
in amyl acetate. A fairly wet spray was employed in order 
to give a uniform but thin coating over which the probe wire 
could be wound. After assembly and sealing into the vacuum 
tube, outgassing of the glassware was accomplished by 
baking at 450° C for six hours. The metal parts were then 
outgassed by eddy-current heating. Breakdown of the 
carbonates was prolonged over a period of twenty-four hours 
to prevent disruption of the coating. During this period the 
anode was frequently heated and towards the end of the 
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breakdown schedule, maintained at about 100° C higher 
than the cathode temperature. This ensured that the anode 
was free from contaminants, no current decay being observed 
on subsequently applying a potential to the anode. After 
breakdown, when no further carbon dioxide was evolved, 
the cathode temperature was maintained at 1200° K for six 
hours. The two barium getters were then fired and the tube 
sealed off at an indicated pressure of 10-° mm of mercury. 
The cathode was then aged by drawing an emission current at 
1200° K with 100 V applied to the anode until a stable 
emission was obtained. 

Conductivity measurements were made in two ways, either 
by applying small d.c. potentials from 0 to 100 mV between 
the probe and the cathode core in each direction, or by 
applying up to 10 V r.m.s. at 1000 c/s, and photographing the 
current-voltage characteristic displayed on a cathode-ray | 
oscillograph. Either method ensured that rectification effects. 
would have been observed; these were not seen, and the two. 
methods gave similar values for the coating conductivity at 
temperatures below 600° K. ’ ) 

Cathode temperature was measured by means of a thermo- 
couple, the hot junction of which consisted of a fine tungsten 
wire welded internally to the centre of the “0” nickel cathode 
base. The potential difference developed between this and a. 
similar junction in melting ice was measured by means of a 
Muirhead potentiometer, enabling the temperature to be 
estimated to better than +1° C. 


RESULTS 


1. Conductivity measurements 


Measurements of conductivity versus temperature were 
made on six cathodes coated with the mixed oxides (BaSr)O. 
In each case the conductivity line in the temperature range 


5 2-0 

105/T(°K) 
Conductivity line for an oxide-coated cathode 
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Fig. 1. 


The low-temperature conductivity of oxide-coated cathodes 


)0-500° K (Fig. 1) had shape corresponding closely to that 
cribed by Loosjes and Vink and other authors. 

n the course of investigating the effect of admitting oxygen 
the cathode at temperatures below 500° K, very careful 
asurements were made of the conductivity of a well- 
ivated (BaSr)O cathode in the temperature range 500- 
YK. The resulting conductivity line is shown in Fig. 2. 


O 25 
: 10°/T(k) 
: Fig. 2. Conductivity line for cathode BS9 


= log o versus 1/T relationship was not a linear one, but 
yeared to consist of two linear sections intersecting at a 
ue of 1/T corresponding to approximately 400° K. This 
jitional “‘bend’’ in the conductivity line had not been 
countered either in previous measurements or in the 
rature, owing to the fact that usually only a few points 
“e plotted in the temperature range below 600° K. Accord- 
ly, conductivity measurements were made in this tem- 
ature range on a number of (BaSr)O cathodes. The 
ulting conductivity line in each case exhibited a bend at 
oroximately 400° K. Table 1 gives the values of the 
ivation energies QO and L obtained from the slopes of the 
) sections of each conductivity line. 


c able 1. Activation energies for conductivity in (BaSr)O 
cathodes 


Activation energies (eV) 


300-—400° K 400-600° K corrected QO 

Cathode ! & Q * 

BS4 0-12 0-15 0:24 

| BSS 0-14 0-17 0-23 
E= BS6 0-12 0:20 0:27 
BS7 0-09 0:15 0:20 
BS9 0-12 0-18 0-22 


The values of Q and L in Table 1 are spread over quite a 
je range. This is not unusual in work on oxide cathodes. 
s thought to arise from the extent to which each cathode is 
ivated, which will depend upon the ultimate vacuum in 
‘tube and the processing schedule. Although every attempt 
s made to produce similar cathodes by careful control of 
, spraying and processing, it is clear that many variables 
: involved, some of which cannot be controlled, and thus 
wroducible results were not obtained. 

The additional ‘‘bend”’ in the conductivity line at approxi- 
itely 400° K may be interpreted in a manner analogous to 
it used by Loosjes and Vink to interpret the bend in the 
aductivity line which occurs at approximately 700° K; 
mely, that two conduction processes operate in parallel. 
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It is then necessary to correct the values of Q in Table | to 
account for the parallel low temperature conduction process, 
of activation energy L, and thus obtain a more accurate. 
value for Q, the activation energy of the conduction process. 
predominant between 400 and 700° K. A simple method was. 
employed to do this. The lower section of the conductivity 
line in Fig. 2 was produced to meet the ordinate axis. Ata 
number of temperatures, the conductivity obtained from this. 
line was subtracted from the measured conductivity at that 
temperature. The logarithmic value of the resulting conduc- 
tivity was plotted at the corresponding temperature and a 
new conductivity line produced. This is shown as a broken 
line in Fig. 2. The slope of this broken line gives the required 
corrected activation energy (Q*). Table | also gives the 
corrected values for each cathode. 

This simple method of correction was justified by con- 
structing theoretical curves based on an equation for the 
conductivity of the following form, 


Or OK] exp (—E,/kT) Se 02 exp (— E,/kT) 


Values were assigned to E,, Ey and o,/c, in order that log 
versus 1/T could be plotted in the range 300 < T < 600° K 
so as to give curves very similar to those obtained by measure- 
ment. The slopes of the theoretical curves were very different 
from the values of E, employed to construct them. However, 
correction by the method outlined above gave agreement to 
within 10% between EF, and the corrected slope of the 
theoretical conduction line. Agreement to within about 10% 
was obtained between E, and the slope of the theoretical line. 
at the lowermost temperatures. Accordingly, correction of 
the values of L in Table | was not attempted. 

Prolonged activation experiments. In order to investigate 
the effect of further activation upon cathodes exhibiting the 
bend in the conductivity line at 400° K, several cathodes were 
operated under activating conditions, namely, cathode tem- 
perature 1200° K, anode potential 100 V, for a period of 
200 hours. At the end of this period the anode current had 
stabilized in the region of 120mA. Conductivity measure- 
ments revealed that little change had occurred in some of the 
cathodes but for cathodes BS8 and BS5 completely linear 
conductivity lines below 700° K were obtained. Fig. 3 illus- 
trates the change in the conductivity versus temperature: 


POG et ars 
103/T (°k) 
Fig. 3. Conductivity lines for cathode BS8 

Curve (1) before, and curve (2) after 200 h activation. 


behaviour of BS8 as a result of the prolonged activation 
procedure. Table 2 gives the activation energies of each 
section of the conductivity lines for all the cathodes employed. 
in these measurements. 
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Table 2. Activation energies at different states of 


activation 


Activation energies (eV) 
before prolonged after prolonged 


activation activation 
Cathode o* L oQ* L 
BSS 0-23 0-14 — 0-16 
BS6 0-27 0-12 0:27 0:12 
BS7 0-20 0-09 0:25 OrIZ ss 
BS8 Ons 0:17 oa 0-12 
BS9 0-22 0-12 


0:23 O72 


The absence of the bend at 400° K in the conductivity line 
of some well-activated cathodes (BSS and BS8) observed in 
these experiments may be a partial explanation of why this 
bend has not been observed previously. It is clear that under 
certain conditions of activation, the low temperature con- 
ductivity line is quite linear, possibly because one of the two 
conduction processes becomes predominant throughout the 
temperature range 300—700° K. 


2. Barium deposition experiments 


In the course of activating a cathode at a temperature above 
1200° K by drawing an anode current in excess of 140 mA, it 
was noted that the anode became red hot and that a bright 
green discharge developed between the anode and cathode. 
This discharge was attributed to the presence of ionized 
barium, removed from the hot anode by electron bombard- 
ment. The effect of this liberated barium upon the coating 
conductivity was investigated by allowing the discharge to 
continue for two minutes and then cooling the cathode over 
a period of fifteen minutes to a temperature of 600° K, after 
which conductivity measurements were made. Fig. 4, 


25 3-0 
103/T(*K) 
Fig. 4. Conductivity lines for cathode BS9 


Barium deposition experiment. 
Curve (1) before, curve (2) after barium deposition. 


curve (1) shows the conductivity line for cathode BS9 prior 
to barium deposition and curve (2) the enhanced state of 
conductivity resulting from the presence of barium on the 
cathode. Fig. 5 gives Richardson plots of the cathode 
emission prior to and after the barium deposition. Table 3 
indicates the changes in activation energies as a result of the 
‘deposition. This table reveals that the process most affected 
by barium deposition is the low temperature conduction 
process of activation energy L. Conductivity, at temperatures 
below 400° K, is enhanced by the presence of barium on the 
‘cathode. 

Operation of the cathode at 1200° K without anode potential 
for a period of thirty minutes, after passing the green dis- 
charge for two minutes, and then cooling to 600°K as 
before gave a conductivity line identical with curve (1) in 
Fig. 4. This removal of the deposited barium by operation 
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of the cathode at high temperatures for a short interyal 
suggests that most of the deposited barium was located on 
the surfaces of the oxide particles rather than incorporated 
into the crystal lattice of the oxide. 


Richardson lines for cathode BS9 


Barium deposition experiment. 
Curve (1) before, curve (2) after deposition. 


Fig. 5. 


Table 3. Changes in activation energy due to barium 


deposition 


Cathode Activation energies (eV) 


BS9 OR L rich 
Before Ba dep. 0225 0-13 Lh 
After Ba dep. 0-24 0-10 Pe 


3. Oxygen poisoning experiments 


The phenomenon of deactivation of an oxide-cathode 
(poisoning) by admitting oxygen gas to the vacuum tube is 
one which has received considerable attention in the literature. 
The effect of oxygen poisoning on the conductivity of the - 
oxide-layer at temperatures below 700° K has not been studied — 
however. The experiments reported here were designed to | 
investigate the change in slope of the conductivity line when - 
a cathode was poisoned by different quantities of oxygen. | 

A technique similar to that employed by Shepherd® 
was used to produce oxygen within the vacuum tube. The 
extent of poisoning was controlled by observing the decrease 
in thermionic emission as oxygen was admitted to the cathode. 
The emission was reduced to 66, 30, and 10% of its initial 
value in successive experiments. At the conclusion of con- 
ductivity measurements in the poisoned state, reactivation 
was accomplished by raising the cathode temperature to 
1100° K and applying an anode potential of 50 V. Under 
these conditions recovery to the initial state of activation 
occurred. within a few minutes, the emitted oxygen being 
taken up by the two getters. 

Cathode BS8 was employed in these experiments. This 
cathode possessed a higher conductivity than others that were 
available; moreover, in the fully activated state, the con- 
ductivity line was linear at temperatures below 700° K 
[Fig. 6, curve (1)]. After each poisoning experiment the 
state represented by curve (1) could be reproduced by following 
the recovery procedure described. 

Curves (2), (3) and (4) of Fig. 6 are the conductivity lines 
obtained when the emission was poisoned to 66, 30 and 10% 
of its initial value. The bend at 400° K observed in measure- 
ments on other cathodes is evident in all three of these 
curves, but is quite pronounced in the more poisoned states. 
Table 4 lists the activation energies obtained from the slopes 
of the two sections of each conductivity line, those listed 
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ider Q* being corrected as described previously. The table 
dicates that L is affected by small additions of oxygen 
qereas larger quantities appear to affect Q. In each case 
€ activation energy is increased by admitting oxygen, 
aplying that both conduction processes are impaired by the 
esence of oxygen. 


Fig. 6. Conductivity lines for cathode BS8 


Oxygen poisoning experiments. 


| 
‘Curve (1) fully activated state; curves (2), (3) and (4) after 
| poisoning to 66%, 30% and 10% of initial value. 


Table 4. Activation energies after poisoning 


Curve no. Poisoned to Activation energies (eV) 

Fig. 6 % init. Ia Q* L 
| 1. Act. — 0-12 
Zz 66 0-26 0-15 
i B 30 0-27 0-18 
4, 10 0-34 0-19 


i | Summary of results 


@ The log o versus 1/T relationship for an oxide-coated 
\thode in the temperature range 600-300° K is not always 
hear as higherto supposed. The results described here 
‘dicate that the curve consists of two linear sections which 
itersect at a value of 1/T corresponding to approximately 
)0°K. This suggests that more than one conduction 
‘ocess contributes to the total conductivity mechanism in 
‘is temperature range. 

' Gi) In order that a value of the activation energy of each 
»nduction process may be obtained from the conductivity 
nes a form of correction has to be employed. Corrected 
alues of Q, the activation energy in the temperatures range 
-)0-400° K, obtained from measurements on six cathodes 
& in the range 0-22 to 0:27eV. The activation energy at 
ymperatures below 400° K (ZL) was found to be in the range 
+10-0-14 eV. 

| Gii) Deposition of barium on to a cathode gives rise to 
hanced conductivity. The activation energy L is reduced, 
ut QO does not appear to be affected appreciably by the 
‘resence of barium. The excess barium is readily evaporated 
fy raising the cathode temperature to 1200°K for a few 
sinutes. 

) (iv) Prolonged activation of a cathode which exhibits a 
fend in the conductivity line at approximately 400° K may 
‘ecasionally result in a completely linear line between 700 
ind 300° K. This is probably due to one conduction process 
yecoming predominant throughout the temperature range. 
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The admission of small quantities of oxygen to the cathode 
results in a reappearance of the bend. Controlled oxygen 
poisoning experiments indicate that both L and Q are in- 
creased by the presence of oxygen, L appearing to be more 
sensitive to small quantities. 


DISCUSSION 


The results reported here strongly suggest that two con- 
duction processes operate in parallel in oxide-coated cathodes 
at temperatures in the range 600—300° K. It has been assumed 
in the past that conduction below the bend or knee of the 
conductivity line in Fig. 1 is controlled by the semi-conducting 
nature of the oxide; barium oxide being an excess N-type semi- 
conductor due to the presence of a stoichiometric excess of 
barium in the crystal lattice. However, the oxide cathode 
consists of a large number of very small crystals and therefore 
conduction through the mass of crystallites is limited by 
barriers at crystal—crystal contacts. Furthermore, the oxide 
layer is very porous and hence the surface to volume ratio will 
be quite large. Conduction processes on the surfaces of the 
crystallites may largely determine the behaviour of the oxide 
cathode at temperatures below 700° K 

There is some evidence from oxygen and sulphur poisoning 
experiments previously reported to suggest that surface 
conduction processes are important at temperatures below 
700° K. The initially rapid reduction in conductivity on 
admitting oxygen or sulphur to a cathode indicates a surface 
as opposed to a bulk conduction process. Further evidence — 
is afforded by the conductivity measurements and barium 
deposition experiments described here. The conductivity at 
temperatures below 400° K is enhanced by the addition of 
barium to the cathode. This could be accounted for if con- 
duction were due to the movement of barium ions over the 
surfaces of the crystallites. Addition of barium would 
increase the conductivity by increasing the surface concen- 
tration. Re-evaporation of the added barium, which would 
not be tightly bonded to the crystal lattice, should be com- 
paratively easy. Experiment shows that this is the case. 

A charge-transporting barium diffusion process over the 
surfaces of barium oxide crystals has been reported by 
Redington. The activation energy, 0-16eV for this 
process, compares favourably with the values obtained for the 
conduction process predominant below approximately 400° K. 
Therefore it is reasonable to suggest that the conduction 
process predominant at temperatures below 400° K is one of 
movement of barium ions over the surfaces of the crystallites 
of which the oxide layer is composed. 

The parallel conduction process, with activation energy Q, 
may be identified with N-type semi-conduction within the 
crystallites, limited by barriers at the interfaces between the 
crystallites. Conduction at temperatures below 700° K will 
be a combination of both of these processes in addition to 
pore conduction. Under certain conditions the concen- 
tration of barium on the crystallite surfaces becomes suffi- 
ciently great for the ionic process to become the predominant 
conduction process at all temperatures below 700° K. The 
conductivity line is then quite linear and the slope usually less 
than 0:16eV. This explanation overcomes the difficulty, 
cited by Hughes and Coppola,” of interpreting the low 
values of activation energy obtained in conductivity measure- 
ments in terms of N-type semi-conduction. In addition this 
explanation, involving ionic and electronic conduction pro- 
cesses in parallel, may account for the departure from linearity 
of the current-voltage characteristics at low temperatures 
reported by King.“ 
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Oxygen poisoning at temperatures below 700° K is explained 
partly by impaired barium ion movement, due to the presence 
of oxygen ions on the crystallite surfaces, and partly by 
increased electron trapping at crystal-crystal contacts. 
Poisoning is thus almost entirely a surface phenomenon and 
an explanation involving the reoccupation by oxygen of 
vacant lattice sites is unnecessarily involved. 


CONCLUSIONS 


There is evidence from measurements of the conductivity 
of oxide cathodes in the temperature range 300-600° K to 
suggest that at least two processes contribute to the con- 
duction mechanism. One of these may be identified with the 
movement of barium ions over the surfaces of the minute 
crystallites which constitute the oxide coating. The other 
process is thought to be electronic conduction, the oxide 
particles being N-type excess semi-conductors, limited by 
barriers, e.g. electron traps due to oxygen, between the cry- 
stallites. Oxygen poisoning in this temperature range may 
then be explained by impaired movement of barium ions on 
the crystallite surfaces and by increased electron trapping at 
crystal—-crystal interfaces. 
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Polycrystalline specimens of InzSe;, InSe and In,Se were prepared by direct fusion. Electrical and 
physical measurements were made which indicated a phase change in In,Se; at 196° C. 


In this article, the symbols In,Se; ,InSe, and In,Se will be 
used for indium sesquiselenide, indium monoselenide, and 
indium subselenide respectively. 

The possibility that In,Se; might be a useful semi-con- 
ducting material was suggested by the properties of compounds 
analogous to it, such as gallium sesquitelluride (Ga,Te;). 
The last comprehensive work on the indium-selenium system 
was that of Klemm and von Vogel® in 1934 and hence a 
survey of the whole system was undertaken. Three com- 


Physical properties of the indium-selenium compounds 


pounds, In,Se3, InSe and In,Se are said to occur, and com- 
parison with the indium-—tellurium phase diagram®) indicates 
that In,Se may have an incongruent melting point. 


EXPERIMENTAL = 
The compounds were prepared by direct fusion of stoichio- 
metric amounts of spectroscopically-standardized elements 


(by Johnson, Matthey and Co. Ltd.) in sealed, evacuated, : 


i ES oe ae Hichrones Toa 

=. Dhase phase phase Phase 
Composition (% Se) 50-79 50-79 40-76 25-60 25-60 
Melting point (° C) 890 + 10°) 660 + 10) 
Specific gravity 5:48 5-44 6°15 
Optical energy gap (eV) {°2 1-05 See Fig. 2 
Electron mobility at 300° K (cm? V!s~!) 30 900 ig 
Carrier density at 300° K (cm~3) 10!4 10/4 1016 
Donor levels (eV) 0-26* 0-32 
Temperature of phase change (°C) by: 
(a) Dilatometry (Kees 9) 
(b) Thermal e.m.f. 9134/5 

Heating at 15 C°/min) 190 + 2 i i 

CG Dee { Cooling at 1-5 C°/min) 4, Sona oo 
(d) Resistance/temperature LOT a 
(e) Weighted mean 196 


* Values varied from specimen to specimen. 
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va tubes. The specimens were all polycrystalline. 
bilities and carrier concentrations at room temperature 
‘e deduced from measurements made with a conventional 
‘ Hall apparatus. The specimens had Leitsilber painted 
rent-contacts, and indium-tipped tungsten probes were 
tked on. Donor levels were deduced from resistivity/tem- 
ature plots obtained by immersing specimens in a heated 
h of MS550 silicone oil (by Midland Silicones Ltd.). 

\n anomaly in the curve obtained with In,Se; was further 
estigated by differential thermal analysis (D.T.A.) (using 
standard apparatus by A. Gallenkamp and Co. Ltd.), 
tmal e.m.f. curves, and dilatometry (using a specially con- 
acted pyknometer). These investigations confirmed the 
stence of two phases of In,Se3 as reported by Miyazawa 
| Sugaike.*. The results are shown in the table and Fig. 1. 


(b) 
(c 


2:00 ~2-75 


5 

107 T(°A) 
Fig. |. Temperature/resistivity plot for In,Se3 
(a) Rate of cooling 6° C/min. 


(b) Rate of cooling 3° C/min. 
(c) Held 15 min at each temperature. 


spectral absorption curves were taken either on powdered 
‘cimens using a Uvispek spectrophotometer (by Hilger 
‘1 Watts Ltd.) with diffuse reflectance attachment, or by 
‘cular reflexion from polished surfaces using a type D247 
‘nochromater (by Hilger and Watts Ltd.). The results of 


| 


2 
Wavelength (}) 


| eect ee Sa 
3) 


Fig. 2. 
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the diffuse reflexion measurements for In,Se; and InSe 
were interpreted on Moss’s“) theory. The values obtained 
do not differ appreciably from those which result from using 
Fochs’s® method. Fig. 2 shows the direct reflexion curve 
obtained for In,Se. Interpretation of this is doubtful since 
it seems possible that the necessary polishing may have lefta 
film of indium over the reflecting surface which would obscure 
the absorption curve by interference phenomena. 


DISCUSSION 


The findings of Miyazawa and Sugaike“ and Goryunova 
and others‘) that In,Se,; and InSe are semi-conductors were 
confirmed. The preparation of In,Se as a single phase was 
not achieved. Some samples of In,Se appeared to be homo- 
geneous by inspection, but X-ray analysis showed the 
existence of two or three phases, one of which was free 
indium. Results quoted for In,Se were those taken on the 
most homogeneous specimens. Difficulty was experienced in 
determining the type of carrier in InSe (see Damon and 
Redington). One sample appeared to be definitely n-type 
by Hall measurement and p-type by thermoelectric e.m.f. sign. 
Russian workers?-!® have found only p-type carriers. 

The phase change in In,Se3; appeared at various tempera- 
tures according to the method of observation used. The 
idealized temperature-resistance curves in Fig. | show how 
the apparent temperature of the phase change varies with 
rates of cooling. The differential thermal analysis results, 
unlike the work of Miyazawa and Sugaike indicate an 
exothermic change on heating. No effect was observed on 
cooling; this suggests a supercooling phenomena which might 
be expected from an exothermic change. 
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Temperature and pressure corrections to be applied to the 
shielded hot wire anemometer at speeds for which natural 
convective cooling is negligible 


By C. F. Cowprey, B.Sc., National Physical Laboratory, Teddington 


[Paper first received 23 August, and in final form 11 November, 1957] 


The form of the law of cooling of a shielded hot wire anemometer should not differ greatly from , 
the normal laws of cooling of heated cylinders. By using the law propounded by Hilpert,@) a 
method is devised to allow for changes in ambient temperature and pressure when a hot wire 
anemometer is used at speeds for which the cooling can be considered as entirely due to forced 
convection. This method is then used to derive the corrections needed in the measurement of 
air flow over the range of variation of atmospheric conditions normally experienced. However, 
with slight modifications to allow for changes in the values of the physical constants, it should be 


possible to use the general method to cover all ‘“‘perfect”’ gases at various ambient conditions. 
A number of experimental results are included in support of the theory. 
A simple circuit is indicated in the Appendix, based on that outlined by Simmons, by which 
the useful range of the instrument is greatly increased. 


INTRODUCTION 


The cooling of a small diameter wire heated by an electric 
current has been used for a long time as a measure of the 
speed of the air passing across the wire. Readings can be 
taken at a considerable distance from the instrument if 
required and, being of small dimensions, it will have very 
little effect on the general flow. Furthermore, since the 
sensitivity increases with decreasing speed, it is often the best 
instrument for measuring very low speeds. It has been 
impossible, however, to design a simple hot wire anemometer 
which would retain its calibration over a considerable period 
of time. As it is desirable to keep the diameter of the wire 
small, in order that the current needed to produce satisfactory 
heating should not be too large, small dust particles which 
settle on the wire have a large effect on the calibration. The 
use of such an instrument is possible in a wind tunnel, where 
repeated recalibration can be carried out, but is not of great 
value in the field. In 1948, Simmons) produced a special 
form of the instrument based on one he had designed in 
collaboration with Mr. E. Ower. 

The Nichrome heater wire was threaded through one bore 


of a short length of twin bore silica tubing and a junction’ 


of a Nichrome-constantan thermocouple was arranged 
approximately at the centre of the other. To prevent relative 
movement, the diameter of the wires was only slightly less 
than that of the bores. Lengths of thick Nichrome wire 
fused to the ends of the heater wire, which was kept taut, 
served both as electrical leads and as supports for the head 
of the instrument. The free ends of the thermocouple were 
soldered to two copper prongs and the junctions were bent 
outwards away from the influence of the heater. They would 
thus be at the temperature of the surrounding air and would, 
in fact, form the cold junction of the couple. The four 
prongs were firmly attached to a block of insulating material 
and the whole formed an anemometer of very small size. 
Thus, the effective diameter of the heater was increased about 
threefold and the influence of dust particles practically 
eliminated. 

Simmons also demonstrated that, over the range of speeds 
for which an appreciable proportion of the cooling was due 
to natural convection, the calibration, in terms of thermo- 
couple e.m.f., was unchanged by variations of at least 30° C 
in the ambient temperature. When used with a careful 
understanding of the principles involved, this instrument has 
proved admirable for very low speed measurements where 
other methods have often been impracticable. 
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CORRECTIONS FOR AMBIENT TEMPERATURE AND 
PRESSURE VARIATIONS AT SPEEDS FOR WHICH 
NATURAL CONVECTIVE COOLING IS NEGLIGIBLE 


A rough empirical correction was suggested by Simmons, } 
but no reliable theoretical treatment has been developed so 
far. It was appreciated that the law of forced convective 
cooling of a shielded hot wire anemometer should not differ 
greatly in form from the usual laws pertaining to heated 
cylinders and numerous attempts have been made to solve! 
this problem on the basis of the law propounded by King.” 
However, it was thought possible that a simpler form of 
correction could be derived from the form of the law put 


It is to be remembered that the e.m.f. generated by a 
thermocouple is a function not only of the temperature 
difference between its junctions, but also of the actual tem- 
perature of the cold junction (in this case, of the ambient 
temperature) a point that appears to have been overlooked. 
By using this fact in conjunction with Hilpert’s law of cooling, 
a simple method of correcting the calibration of a shielded 
hot wire anemometer has now been worked out and is 
presented in this report. 


Theoretical treatment. 


List of symbols used: 


d = mean diameter of the silica tube 
H = rate of heat transfer 

t = temperature of the air in ° C 

6 = temperature of the outer wall of the silica tube 

above that of the surrounding air 

P = absolute pressure of the surrounding air 

k = thermal conductivity of air 

p = density of air 

/ = viscosity of air 
C, = specific heat of air at constant volume 

V = velocity of the air | 
e = net e.m.f. generated by the thermocouple 

R = Reynolds number = Vdp/ | 

(Nu) = Nusselt number = Hd/ké 


C and m are constants depending on R. A table of values’ 
of C and m is shown at the end of the paper. Suffixes refer 
to the ambient temperature in degrees Centigrade. 

Hilpert’s law of cooling states that 


(Nu) = CCR)” 5 
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‘But, k = 1-603 C, and C, can be taken as constant at 
/@ temperatures and pressures likely to be encountered in 
‘nospheric variations. 


| Hdd—m) 1 
| 1-603C-C, * pag 
ita Nichrome is used for the heater wire, the resistance will 


ot vary appreciably with temperature and, if the current 
| ough the wire iS is kept constant, H will also be constant. 


erefore = (pV) 


L \ F Lee 
P \ —T-603C-G, (which is constant) 
nen ales pes (pV )™ 1 


When changes in pressure alone are to be considered, pu is 
\nstant and 6 is a function of e. Thus e is a function of pV 
ad a unique calibration curve is obtained, independent of 
essure, by plotting e against pV (or more conveniently, 
lo0V, where pp is the air density at some standard tem- 
\rature). If, however, changes in ambient temperature, as 
ll as pressure, have to be taken into account, no such 
‘nple form of correction is in general possible. Consider 
uation (1) for two different values of the ambient tem- 
rature 0° C and ¢° C and two wind speeds Vp and V, such 
“at e is the same in both cases 


en Fi[po' 8] = Vopo)” 

4 Fi{p A”, = (V.p,)™ 

(l—m) : m 

/erefore ee) eo ae °) 

Mo 9 Vit 

| (1—m) 

rt is, O, Bs m 

‘ By nd Q) 
| 

en Vy =A, =) Vv, @) 
_ ! (po 

a Vv, = 4 (P)Yo (4) 


It is now necessary to determine the value of A. To the 
‘curacy needed, p,/o = (1 + 0-0028r) for the range of 
‘mperatures of at least 0-100° C® and, for practical 
‘irposes, m can be taken as 0-466. Finally, by using the 
‘\w of Intermediate Temperatures, 0) and 0, (and hence 
'09) can be calculated for various values of e and /, if 
), accurate calibration of the thermocouple employed in the 
emometer is known. 

In practice Nichrome-constantan is used, for which a 
‘pical calibration was supplied by the Physics Division of 
e N.P.L. This calibration was reduced to the equations 


i 22-92e — 0-5716e? + 0-0279e? — 0-000 743e4 + 
+ 0-000 004 72e° 


= 0-04360 + 0:000049 26? — 0-000000035 562 


/The values of A were then derived analytically, neglecting 
'e slight temperature difference between the thermocouple 
‘nection and the outer wall of the silica tube. Curves of A 
vainst e for ambient temperatures of 10, 20, 30, 40 and 50°C 

‘e shown in Fig. 1. The choice of metals used for the 
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thermocouples of the shielded hot wire anemometers is 
extremely fortunate as changes in the readings due to varia- 
tions of the viscosity of the air are almost entirely neutralized 
by the changes in the calibration of the thermocouple. It is 
for this reason that all the curves of Fig. 1 pass so remarkably 
nearly through unity when e = 7 mV and that none of the 
curves diverges from unity by more than 5°% over the whole 
range considered. 


tO3 


fOl 

<= 

099 

ory 

O75 2 4 6 8 fo) (2 4 6 

e (mV) 

Fig. 1. Values of correction factor A for Nichrome- 
constantan thermocouple 

Curve 1, 


PAU GT cutve: 2-6 — 40". C-1curvess, t2-— 350: @: 
CULVe 4.0t-—12. 02 © curvess, m—10C: cunvesOat — OAGs 

A being known, a calibration of the instrument can be 
reduced to a standard form by applying the result of equation 
(3) and this standard calibration can be used, in conjunction 
with equation (4), to deduce the value of V, corresponding 
to an observed value of e. 


Experimental details. To test the accuracy of the theory a 
shielded hot wire anemometer was calibrated under various 
conditions of ambient temperature and pressure and the 
results reduced to a ‘“‘standard’? form by application of 
equation (3). The instrument used was one of a type now 
produced commercially. It differed from that originally 
used by Simmons only in the geometric design, the silica tube 
being longer and the diameters of the wires slightly less so 
that, for the same current, higher temperatures were produced 
and the e.m.f. generated was increased. Also, the axis of the 
silica tube was parallel to that of the insulating support and 
not perpendicular to it as in the original design. 

In the first set of tests, to investigate the effect of pressure 
changes, the instrument was calibrated against a vane anemo- 
meter in the Compressed Air Tunnel of the N.P.L. at a 
number of pressures up to a maximum of approximately 6 in. 
of mercury above normal atmosphere. It will be appreciated 
that evacuation of the tunnel, to represent pressures below 
that of the atmosphere, is not practicable. The hot wire 
anemometer was set up, with the silica tube vertical, at a 
point one foot upstream of the vane anemometer, both instru- 
ments being on the centre line of the tunnel. In deciding 
the exact positions of the instruments, reference was made to a 
previous investigation of the flow distribution, to make sure 
that they were in regions of equal velocity. This was not, 
however, really necessary as the absolute calibration was not 
needed and a small percentage error in the measurement of 
the wind speed would not appreciably affect the changes 
likely to be produced by the variations in pressure. The 
temperature remained constant throughout. 

The second set of readings, in which the effects of changes 
of ambient temperature were studied, were taken in a return 
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flow tunnel of one foot square working section. The tem- 
perature of the air in the tunnel was varied by six 1 kW 
cylindrical heaters set up horizontally one above the other 
just behind the fan which was a long way upstream of the 
working section. This gave the maximum possible time for 
the air temperature to become evenly distributed at the 
working section. Two, four or six of these heaters could be 
switched in as required and, by this means, the temperature 
could be controlled to within less than 1° C. This tunnel, 
unlike the Compressed Air Tunnel, had no convenient speed 
indicator and, without making special provision, it would 
have been difficult to keep the velocity steady enough for the 
length of time needed to read the vane anemometer. It was 
therefore decided to use a pitot static tube connected to a 
13 in. Chattock gauge instead. The hot-wire anemometer 
was placed 4 in. upstream of the pitot static tube, the instru- 
ments being staggered | in. either side of the centre line to 
minimize interference. The air temperature was taken as 
the reading of a mercury thermometer projecting 3 in. into 
the tunnel slightly downstream of the pitot static tube. A 
preliminary test showed no difference, over the full range of 
temperature and velocity, between this thermometer and a 
similar one, placed in turn in the positions to be occupied 
by the anemometers. The pressure remained constant 
throughout. 

Three values of heater current were used in all the tests, 
namely 0-5, 1-0 and 1-5A. 

Experimental results. The first series of experiments was 
undertaken in order to determine the effect of pressure varia- 
tions of up to approximately 20% above normal atmosphere; 
for these, no correction for temperature was necessary as 
this remained the same throughout. The results for a heating 
current of 1:0 A are shown in Fig. 2, where the e.m/f. 
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Fig. 2. Effect of pressure 
Heating current = 1:0 A. 
P ~ 30-0 in. mercury © (no correction Eequiredy. 
P ~ 31-4in. mercury 0. 
P ~ 32-0 in. mercury A. 
P~ 34-1 in. mercury e. 
P~ 35:9 in. mercury x. 
Pe<?359insmercury uncorrected = =n 


generated by the thermocouple is represented as a function of 
V.(P/29-97). It will be seen that all the points taken lie on 
the same curve to the degree of accuracy to be expected in 
the calibration of a hot wire anemometer. The results 
obtained for the other two currents are equally satisfactory, 
so that the pressure correction would appear to be very well 
defined. 

In Fig. 3, the results of the second series of results, for the 
same heater current, are shown. In this case e is plotted 


against Vo(= Ar V) where Vo refers to 0° C and 29-97 in. 
0 
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of mercury pressure (in this case, although P remained 
constant, the readings were corrected to standard conditions 
on the evidence of the previous tests). Here, again, all the | 
points lie very nearly on one curve. This also applies to } 
those obtained with heating currents of 0:5 and 1-5A, | 
except for the corrected observations with the smaller current 
and 40°C ambient temperature which are very slightly 


30 40 
Vo AVp/p o) (ft/s) 
Fig. 3. Effect of temperature 


Heating current = 1:0A. 
HAO KELOe 
E2202 @m 
t= 30=G A. 
PZ ANRC 
t ~ 40°C uncorrected + —----4+. 


displaced. This is probably due to the lack of accuracy in 
the estimation of A at the low values of e, which is to be 
expected since the thermocouple calibration was given at 
intervals of 10° C and the interpolation was of a much lower 
order of accuracy. No attempt has been made to rectify this 
as the errors arising are not of great importance, and it is | 
extremely unlikely, anyway, that such a low value of heating | 
current would be employed in this range of wind speed. Thus, 
the correction for temperature is amply confirmed. | 

In each of the graphs of the corrected results, the uncor- 
rected values for the maximum deviation from standard 
conditions are shown to illustrate the magnitude of the 
improvement. 


TEMPERATURE CORRECTION FACTOR FOR OTHER 
STANDARD CONDITIONS 


Reference to Fig. 1 will show that the value of A can be 
taken as unity over a large range of the ambient temperature, 
especially as is often the case, if not more than 2 or 3% 
accuracy is required. It may be of advantage to use another 
standard temperature nearer to the mean of those normally 
encountered, for example 15°C. The values for this new 
value of standard temperature can be calculated as follows. 

Taking A’ as the new factor, for a given value of e 


(—m) 0, 
Ga 915 

(1—m) A, 
ee, 


a m (1—m) 6 
Therefore i ‘) = (es ~) au! 
E15 0 15 


= (LAs) 
and A, = AlAs (5) 
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GENERAL ACCURACY 


: 


‘It is appreciated that there are several possible sources of 
‘ror in the theoretical treatment, but these are considered to 
» too small to matter, a conclusion amply borne out by the 
‘perimental results. For example, the hot junction of the 
ermocouple is not at the circumference of the silica tube 
id the temperature difference of the thermocouple junctions 
Il be slightly in excess of 6. The difference is estimated 
| be of the order of 1% for the highest temperature used 
ad is insignificant. Again, if the hot wire temperature were 
cessively high, an appreciable loss of heat by radiation 
‘ould result and a different law of cooling would be needed 
deducing the errors likely to arise in the calibration. This, 
oviously, would become important if too high a current 
ore used, but the experimental results indicate no appreciable 
“ect at the maximum hot wire temperature used. 
‘Within the limits of the investigation, and probably to a 
tge extent outside these limits, the results suggest that any 
rther refinement of the proposed corrections is unnecessary. 
ven under laboratory conditions, other errors of measure- 
ent would normally be at least of the same order as, and 
obably larger than, any uncertainty that might still remain. 


CONCLUSIONS 


When the e.m.f. generated is in the region of 7 mV, it 
easures pV directly. For other values than this, an added 
orrection of up to a few per cent may be necessary as shown 
| Fig. 1. To the order of accuracy likely to be required, a 
tique calibration curve is obtained if e is plotted against 


£ V. By using this calibration, the errors arising out of 
0 

\anges in ambient temperature and pressure are reduced 
| the order of those in the original calibration. 

/The experimental results show excellent agreement with 
'e theory and, although they only cover a range of speeds 
' about 10 ft/s to 60 ft/s, a fair amount of extrapolation 
‘ould be permissible. Furthermore, since no account was 
‘ken in the theory of the geometric design of the instrument, 
'e theory should hold ‘for all types of shielded hot wire 
yemometer utilizing the same thermocouple. The special 
irccumstances when natural convection is significant have 


sen examined by Simmons. !) 
) 
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APPENDIX 


Modified circuit for use with the shielded hot wire anemo- 
eter. It is very desirable to be able to dispense with such 
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a bulky and expensive instrument as a potentiometer for 
measuring the e.m.f. generated by the thermocouple and a 
simple circuit was indicated in Ref. 1 whereby the deflexion 
of a galvanometer was used to record the velocity. This 
circuit is reproduced in Fig. 4. A small part of the potential 


hot junction __hot wire 


speed 
range 
control 


Fig. 4. Simple circuit for hot wire anemometer 


difference across a fixed resistance R4 in the heater circuit, 
is used to balance out the thermocouple e.m.f. at zero wind 
speed. To allow for the small day-to-day variations which 
are found to occur in the zero setting, small adjustments are 
made in the value of the resistance R;. This is carried out, 
prior to using the instrument, by placing a box over the 
anemometer and allowing the natural convective currents to 
become settled. It should be emphasized that this adjustment 
is purely empirical and is made under conditions of wholly 
natural convective cooling. The extent to which it com- 
pensates for atmospheric variations, at speeds for which 
there is appreciable cooling by forced convection, has not 
been examined. Furthermore, with the circuit shown in 
Fig. 4, only a limited range of velocity is practicable at maxi- 
mum sensitivity of the galvanometer and, to increase the 
range of use, one of a number of fixed resistances can be 
introduced, in series with the galvanometer, to reduce its. 
sensitivity. 

In Fig. 5, an improved circuit is shown in which the voltage 
fed into the thermocouple circuit can be varied, in stages, 


Modified circuit for hot wire anemometer for 
extended speed range 


Fig. 5. 


so that it is possible to obtain zero deflexion of the galvano- 
meter at any number of pre-arranged speeds. At the same 
time, a resistance (Ro, Rio or Rj;), automatically switched 
into the galvanometer circuit, determines the velocity for 
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maximum deflexion. Thus, increased range of use of the 
instrument is introduced without loss of sensitivity as in 
the previous circuit, since these series resistances can be as 
low as required. This arrangement has been conveniently 
used for speeds of the order of 50 ft/s, both in the wind tunnel 
and in the field, where sensitivity with the original circuit is 
inadequate. 

At speeds for which the new circuit was primarily designed, 
there would be no cooling by natural convection and it is 
doubtful if the method used in the original circuit for allowing 
for day-to-day variations would have been of any great 
value. Furthermore, the galvanometer deflexion is a measure 
of the e.m.f. generated by the thermocouple, but to a different 
scale depending on the pre-arranged speed range selected 


Magnetic anisotropy measurement with an oscillation magnetometer 


and a calibration curve in the form of deflexion against Avy | 


0 
is applicable to all ambient conditions. Therefore, no varia- : 
tion is made in the value of the resistance Rs and all corrections } 
are carried out by calculation. 


Values of constants used in Hilpert’s law of cooling cylinders \ 
by forced convection 


R C m 
1-4 0-891 0-330 
4-40 0-821 0-385 
40-4000 0-615 0-466 
4000-40 000 0-174 0-618 
40 000-400 000 0-024 


0-805 


By J. R. MacponaLp, D.Phil., Texas Instruments Inc., Dallas 9, Texas, U.S.A. 
[Paper first received 27 June, and in final form 20 September, 1957] 


A method of using an oscillation magnetometer to determine magnetic anisotropy factors in 
the plane of a thin disk-shaped sample lying in the X — Z-plane is described. Both the satura- 
tion magnetization, Mo. and the factor (N,. — N,)Mo may be obtained independently; N,, N, 
and N, are demagnetization factors which include all contributions to magnetic anisotropy 
such as those arising from stress, magnetocrystalline anisotropy and shape. These results are 
correlated with previous work on a somewhat different type of oscillation magnetometer used 
to determine (N, — N,)Mo, and it is shown that a correction must be applied for both types of 
magnetometer when the oscillation amplitude exceeds a degree or two. Finally, it is shown 
that the oscillation magnetometer can be employed to determine the details of any angular 
dependence of magnetic anisotropy in the plane of the sample if such anisotropy is sufficiently 
large. These measurement techniques are particularly applicable to the determination of any 
dependence of Mo on film thickness in thin ferromagnetic evaporated films, and to the determina- 
tion of magnetic anisotropy in thin films evaporated and/or annealed in a magnetic field. 


‘Some time ago an oscillation magnetometer was described by 


Griffiths and the author“! ?) which allowed the factors Mo — 


and (N, — N,)Mo to be obtained for an ellipsoidal ferro- 
magnetic disk or thin film. Here Mg is the saturation 
magnetization of the ferromagnetic material and N, and N, 
are demagnetization factors in the Y and Z directions, 
respectively. In operation, a disk-shaped specimen is 
supported in a saturating, homogeneous magnetic field in 
such a way that it can rotate about its X-axis and with the 
plane of the disk, which contains both X- and Z-axes, parallel 
to the magnetic field direction at equilibrium. When 
equilibrium is very slightly disturbed, the specimen will 
oscillate about its equilibrium position with a period 
(neglecting damping) of 27[J/.7 ]*, where J is the moment of 
inertia of the disk and its container about the X-axis and .7 
is the restoring torque per unit angular displacement. In 
general, the period will depend on disk volume, saturation 
magnetization, magnetic anisotropy and the applied static 
field Hp. 

The terms (NV, — N,)Mo and (N, — N,)Mbo appear in ferro- 
Magnetic resonance experiments and are composed of 
possible contributions from shape anisotropy, magneto- 
crystalline anisotropy in single-crystal samples and stress 
anisotropy.°) Without independent knowledge of these 
factors, ferromagnetic-resonance g values cannot be obtained. 
By making both ferromagnetic resonance and oscillation 
magnetometer measurements on the same sample, the author 
showed that g and My were independent of the thickness of 
evaporated nickel films down to the smallest thickness 
measured, 870A, and that such evaporated films were 
usually considerably stressed. 4; 5) 
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When the g value and saturation magnetization of a material 
are known, the factors (N, — N,)Mo and (N, — N,)Mo may 
be experimentally determined from resonance measurements | 
alone. There is currently a great deal of interest, however, 
in thin alloy films for which g and My may not be accurately | 
known, especially in regard to possible dependence of My - 
on film thickness for very thin films for use in fast switching — 
and computer storage applications. 8) The combination of 
resonance and oscillation magnetometer measurements on 
such films should be a powerful means of investigating their 
magnetic properties, since the oscillation magnetometer may 
be used to determine both (N,, — N,)Mg and (N,. — N,)Mo. 

The oscillation magnetometer is not generally as accurate 
as a good torque magnetometer, nor can it measure the 
angular dependence of anisotropy as accurately as can a 
torque magnetometer or ferromagnetic resonance experiments. 
However, it is considerably simpler, cheaper and easier to 
set up and use than either of the other methods, and it yields 
useful quantities of direct experimental interest. In many 
cases, oscillation magnetometer measurements on thin films 
evaporated and/or annealed in a magnetic field@ to enhance 
their switching properties are quite sufficient to give all 
needed information on the isotropic and anisotropic magnetic 
properties of the film. Whenever there is a variation in 
magnetic properties through the thickness of a disk sample, 
magnetometer and resonance measurements may yield 
somewhat different values for (N, — N,)Mo, (Nx — N,)Mo 
and M,. The magnetometer yields values for the above 
quantities averaged through the entire thickness. On the 
other hand, if the film thickness is greater than a resonance 
skin depth or so, resonance results pertain only to an 
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donentially weighted part of the film within approximately 
skin depth of the side being measured. Thus, the com- 
ration of oscillation magnetometer measurements and 
sonance measurements made separately for each surface of 
‘ilm or disk can yield information concerning variation of 
ignetic properties in the thickness dimension. In the next 
tion, it is shown how an oscillation magnetometer can be 
2d to obtain (N, — N,)Mpy and Mp; then, in the final 
tion some-of the anisotropy factors which can be deter- 
ned by oscillation magnetometers are tabulated. 


DETERMINATION OF PLANAR ANISOTROPY 


In the ain operation of an oscillation magnetometer, the 
tation axis is the X-axis, taken along a diameter of the disk- 
aped sample, and (V,, — N,)Mp and Mg may be determined. 
tis type of operation is termed the X-mode. There exists 
jother type of operation, the Y-mode, however, which can 
tld information about anisotropy lying entirely in the plane 
the disk. The disk again lies in a magnetic field with its 
ane parallel to the field direction, but rotation is now about 
> Y-axis passing through the centre of the disk. As shown 
low, the Y-mode of oscillation allows (N, — N,)Mo and 
) to be determined. If there is no planar anisotropy, any 
tational position of the disk about the Y-axis will be a 
‘sition of equilibrium and no oscillation will occur when 
> disk is slightly rotated. However, when planar anisotropy 
| present, there will exist one or more stable equilibrium 
‘sitions and the disk and its container can be set into 
cillation about such a position. 

‘A scheme somewhat similar to the Y-mode of operation of 
oscillation magnetometer has been suggested by Dahl and 
affenberger, 1) but was not used by them to obtain 
antitative measurements of anisotropy. In the absence of 
mping, the period of oscillation for infinitesimal amplitude 
given by the expression already presented. Damping arises 
om several sources. By using long thin Nylon threads for 
pport, the damping and restoring torque from this source 
‘n be made negligible. Also air damping can be minimized 
) making the sample support rotationally symmetric. 
nally, eddy-current damping is negligible at the frequencies 
oscillation used, and rotational hysteresis”) is zero as long 
_the magnetization of the specimen is saturated. It will, 
erefore, be a good approximation to neglect damping 
‘ects. 

The calculation of Y-mode torque with damping neglected 


carried out in the Appendix yielding, for a volume V, 


Loe: eS) (1) 


Loa 


rie — N,)M3Ho ee 20 
(N= N)Mas. 2 


aere 6.is the angle in the ¥ — Z-plane, in which the specimen 
ss, between the Z-axis, fixed in the disk, and Ho, the applied 
‘ld. This result is a good approximation as long as Ho is 
opreciably larger than the anisotropy field (NV, — N,)Mo 
id the oscillation amplitude is of the order of 20° or less. 
9 this approximation the system satisfies a simple pendulum 
uation in 20 and the period of oscillation (for non- 
finitesimal excursions) is‘! 


T = 4K(kK)\V/U/T 9) (2) 


here K(k) is the complete elliptic integral of the first kind, 
=sin 6), and 6) is the amplitude of oscillation. For 
finitesimal amplitude equation (2) becomes Ty) =277\/(J/T 9). 
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Equation (2) can be rewritten in the useful form 


Moar gos 
Pee [ 


where 7,(9) is the experimentally determined period. Since 
J, V, T-, 89 and Ho will be known in an experiment, this. 
linear relationship between 72 and Hj! shows that both 
(N, — N,)My and Mo can be independently determined by 
plotting 72 versus Hy! for Ho values sufficiently large for 
saturation to be maintained and for equation (1) to be a good 
approximation. Alternatively, if either of the above quantities 
is known, the other can be calculated ffom a single measure- 
ment of 7,. For highest accuracy, it is still desirable, however, 
to measure 7, up to as high fields as practical and extrapolate 
the resulting 72 dependence on Hp ! to infinite field strength. 
If we further extrapolate the straight line obtained for high 
field strengths to the point where it cuts the negative Ho ! 
axis, the quantity (V,. — N,)Mp is obtained directly from the 
H,! axis intercept without any need to know the values of 
V, J and §, provided 6 is the same for each 7, measurement. 
It is of interest that for non-infinitesimal oscillations the time- 
average value of H, is less than Ho, although the time average 
of H,. over an oscillation period is zero. The time dependence 


of 0 is of the form @(t) = 9 cos~! {dal V/(T, oJ}, where dn 
is a Jacobian elliptic function. When cos @ is averaged over 
a period, given by equation (2), we obtain <cos@> = 
m/2K(k) = 1 — (k/2)*... Thus, < H, > = 7H)/2K(®). 

Equation (2a) is of the form previously obtained“ for 
the X-mode oscillation magnetometer with 47? here replaced. 
by 16K7(k) and (N, — N,)Mo replaced by (N, — N,)Mp. 
Exclusive of stress and magnetocrystalline anisotropy 
differences between the latter two quantities, there is an 
important difference arising from shape effects for a circular 
disk-like sample. For a sample approximated as a spheroid 
very oblate in the Y-dimension, the shape contributions to 
the demagnetization factors are) (NS — NS)M,) =0 and 
(NS — N3)Mo ~ (4m — 3e77)Mo, where « is the ratio of disk 
thickness to disk diameter. Thus, one measures 477M plus. 
small shape, magnetocrystalline anisotropy and stress terms 
in the X-mode, but only the latter terms in the Y-mode. 
Therefore, the Y-mode yields a more sensitive measure of 
anisotropy than does the X-mode, but the Y-mode period of 
oscillation is correspondingly greater. 

The above difference may be illustrated by a com- 
parison for nickel films between the X-mode period for 
(N, — N,)Mp = 47M) ~ 6100G and the Y-mode period 
with (NV, — N,)My = 10 G, produced by uniaxial stress or 
magnetocrystalline anisotropy. Consider a disk 1-6cm in 
diameter and 0-1 yz thick and a container having a moment 
of inertia of 1 g cm? in either the X- or Y-mode. This value 
of J is near the minimum value obtainable with convenient 
sizes using container material with a density near unity. The 
X-mode period is 1-14 s, while that for the Y-mode is 19-9 s, 
An applied field Hp of 6000 oersteds was used for these 
calculations. A period of 20 s is too long for both convenience. 
and accurate measurement, but it can be reduced by making 
the container of low-density material such as foamed poly- 
styrene which has a density of only about 0:03. With a 
moment of inertia of only 0:03, the above Y-mode period is 
reduced to 3:45s, a practical value. A reduction of this 
order of magnitude has been observed experimentally using a 
foamed polystyrene sample holder. An accurate and con- 
venient way to determine 7, is to apply a low-frequency 
external torque coupled magnetically or electrically to the 
specimen or its holder, then vary the applied frequency until 
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resonant oscillation is noted, using optical-lever magnification 
of the motion. 

These results indicate that anisotropy contributions of as 
little as 10 G in films 0-1 yw thick or less can be detected in 
the Y-mode of operation. It should be noted, however, 
that equation (2) cannot be used to obtain both Mo 
and (N,—N,)Mpy accurately and independently when 
(N, — N,)Mp is much less than the saturation field strength 
of the material. Since the equation applies only for static 
field strengths greater than that required for saturation, 
within the applicable range Hy! will be almost negligible 
compared to [(N, — N,)Mo] | for the above case. Never- 
theless, if either Mp or (NV, — N,)Mo is known, the other can 
still be determined from equation (2). Such determination, 
in conjunction with ferromagnetic resonance measure- 
ments,“ should allow both quantities to be separately and 
uunambiguously determined. 


ANISOTROPY FACTORS 


The table summarizes some of the relations between 
experimentally determined (NV, — N,)My and (N, — N,)Mo 


factors and possible physical causes of anisotropy. It has 
¥-mode 
Anisotropy type (N;, — N2)Mo 
Isotropic plane stress 0 
(X — Z plane) 
Directed stress - 3AT 
(Z-axis) Mo 
Uniaxial magneto- , 
: . 2K, 
crystalline anisotropy Wh 
(Z-axis) 0 
Ee 0 
Cubic magneto- 2K, 
crystalline anistropy My 
an 
Shape anisotropy 4mcM)| (2 — e*)E — 2(1 — e*)K 
a>b>e ae? (1 — e?)3 


been formed using results of a previous paper where the 
pertinent relations are derived for ferromagnetic resonance 
experiments.“ In the table, stress results are given for 
polycrystalline material only and involve the isotropic 
magnetostriction constant A. The results of Ref. 3 may be 
used when isotropic magnetostriction is not a good assump- 
tion. The stress Tp is isotropic in the plane of the sample, 
while JT is a directed stress lying in this plane parallel to the 
Z-axis. The stresses are positive for tension and negative 
for compression. The angle @ is measured in the plane from 
the Z-axis, and the stable equilibrium values of 6 for a 
circular disk-shaped sample in the Y-mode are shown in 
column three of the table. Note that when AT < 0, the 
Z anisotropy axis is a hard rather than easy magnetization 
axis, and equilibrium is then found at right angles to this 
axis. The internal fields 3A7/My or 3ATp/Mo arising from 
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stress in thin films can be as large as 10° G.“» 45) Only first 
order magnetocrystalline anisotropy constants K;, and K, 
appear in the table for (N, — N,)Mo. The substitution of 
these values in equation (1) is only valid when 2K;,/Mpo and 
2K,/Mg are considerably less than the applied static field Ho, 
as pointed out in the Appendix. Further, the absence of the 
second-order magnetocrystalline anisotropy constants K, and 
K, in (N, — N,)Mo is contingent upon either measurements 
with infinitesimal oscillation amplitude or the additional 
conditions K, < Kj, K, < Kj. 

Except in the limit of high field strengths, the introduction 
of the N,, N, and N, general demagnetization constants to 
describe second-order uniaxial magnetocrystalline anisotropy 
or first- and second-order cubic magnetocrystalline anisotropy 
is an approximation. For example, the effective internal 
field arising from uniaxial magnetocrystalline anisotropy with 
the anisotropy axis along the Z-axis may be written? 


'H = 1H,i, = {(2Ki/Mg) + (4K3/Mo)[1 + (M./Mo)?]} 
(M,|Mp)i, 


where i, is a unit vector along the Z-axis. Since the second- 
order term involves (M,/M,), ‘H, cannot, in general, be set 
equal to —N,M,. If one attempts to calculate the torque 


X-mode 
Basal ae [((Ny — Nz) — 4x]Mo 
All val ZA 
values 
Mo 
0,7 AT>O0O 
ne SAde Gs 9 
eNO ‘Mgoe 
2 
0} a Ky SO 8K : 
a ahs =! cos? 9 + —2 sin? 20 
> ag ae T K, SS 0 
: 3 A G3 + cos 44) Nera aef: 20 
BS eRe 2Mo 2Mo 
Vi 4 
erat E—(1—e)K Bes 
( - L A = eh (1 + sin’6) 
0, 7 fans 
+ -3-G =) +'c08? 6) | 


for the oscillation magnetometer in the manner of the 
Appendix, but using the above expression for 'H, instead of 
—N,M,, one is led to an eighth-degree equation for M,, 
analogous to the fourth-degree equation otherwise present. 
By making measurements at sufficiently high field strengths 
and extrapolating to infinite field strength if necessary, these 
difficulties may be avoided and the results given in the table 
will hold. The results for cubic magnetocrystalline anisotropy 
apply when the [001] crystal direction coincides with the 
Z-axis and when the plane of the disk is the (010) crystal 
plane. For other directions and planes the pertinent results 
may be obtained from Ref. 3. 

The last row in the table applies to ellipsoidal samples of 
dimensions a, b, c along the Z-, X- and Y-axes, respectively. 
The demagnetization constants have been obtained from the 
work of Osborn‘); the factors K and E are complete elliptic 
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2grals of the first and second kinds, both having the 
jument e = [1 — (b/a)?}}. For a circular disk b =a, 
i these results reduce to (NV, — N,)Mp) = 0 and 


[(N, ae N,) 5, 4|Mo = >= 32r*cM)/a 


r an elongated ellipsoid with 6 appreciably smaller than a 
t still much larger than c, (N,— N,)My reduces to 
oroximately (c/b)4m7Mp. If this quantity is of the order of 
or 10G, it should be possible to measure My in a thin 
n of this shape quite accurately using the Y-mode of 
eration. Generally, however, other anisotropy effects in 
a films will outweigh that of shape even in an elongated 
nple. { 

Sor the X-mode column, the values of [(N, — N,) — 47]Mo 
ve been listed rather than (N, — N,)Mp. The 47rMg factor 
umost always the dominant term in (N, — N,)Mo. There- 
e, the values listed in the last column usually represent 
atively small corrections to 47Mp, and themselves cannot 
determined as accurately as the corresponding factors in 
» Y-mode. However, angular dependence can be deter- 
ned in the X-mode but not in the Y-mode. Here again 6 
vasures the angle in the X¥ — Z plane between the applied 
ignetic field direction (no X-mode oscillation) and the 
axis, fixed in the sample. By carrying out X-mode 
servations with a circular sample securely fixed in various 
Zular positions with respect to the applied field direction, 
» correction terms listed in the last column of the table 
y be determined, provided their amplitudes are of the 
ler of 0-01(47M,) or greater. 
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APPENDIX 
Torque calculation for the Y-mode 
The restoring torque L is given by 
L=VM x H) = — VM X'H (3) 


where 'H is that part of the internal field not including the 
external field. The direction of the magnetization vector may 
be determined from the Landau-—Lifshitz equation“) which 
reduces very closely to 


M x Hi=M x (A, + 'H) =0 (4) 
in the present low-frequency case. Its magnitude satisfies 
|M|* = MZ ~ M2 + M2, since M, is very nearly zero. 
The total internal field components in the present case are 
H} = Hy sin? — N,M,, Hj} ~ 0, Hi = Hy cos 0 — N;M;, 
Equations (4) now yields 

M,Hi = M,Hi = M,[H) cos 8 — N,M,] = 

, aN [Ho sin 8 — N,M,] (5) 
or 
ait M,Ho sin 7 

Hy cos 0 + (N, — N,)M, 


M,. (6) 
On using the second part of equation (3), introducing the 


internal field expressions, and making use of equation (6), 
one finds 


L=L, = VN, — N)M,M, = 
V(N, — N,)M2H) sin 0 


Hycos ANGE NOMS 


Finally, using equation (6) and the saturation condition, the 
equation determining M, is found to be 


[Ho cos 8 Sie (Nx. aa N,)M./? rs 
M2 
= G) {[Ho cos 8 + (Ny — N,)M,} + H3 sin? 6} (8) 
0 


This is a fourth-degree equation in M,. It may be readily 
solved to first-order in [(N, — N,)Mo/Ho| provided this 
quantity is appreciably less than unity. The result is 


M, ~ Mo cos al + eRe sin? a] (9) 
0 


The torque L thus becomes, approximately 


V(N, — N,)M2Hp cos? 6 sin 6f1 + [(Ny — N-)Mo/Ho] sin? OY 


) LS Hy cos 6 + (N, — N,)Mg cos of 1 + [(Nx — N,)Mo/Ho] sin? o} 


(10) 


_ VIN, — N,)MBHo(sin? 6/241 + [2(Nx — Nz)Mo/Ho] sin? o* | 


Ay + (N,. xB N,Mo + [(N,. sa N,)Mo}* sin? 0/Ho 


) Dau, O., and PFAFFENBERGER, J. Z. Phys., 71, p. 93 

Pa (1931). 

'}) BRAILSFORD, F. J. Instn Elect. Engrs, 83, p. 566 (1938). 

.) Woops, F. S. Advanced Calculus, p. 370 (Boston: Ginn 
and Co., 1934). 


This equation is correct to second-order in [(N, — N,)Mo/Ho]. 
Since, however, the terms in the numerator and denominator 
proportional to [(N, —N,)Mo/Ho}* are multiplied by 
sinusoidal factors which will be small for relatively small 
oscillation amplitude, these terms may usually be neglected. 
Equation (10) then reduces to equation (1) of the text. 
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Transfer of tungsten carbide to soft metals during single-traverse 


and reciprocating sliding 


By J. GoLDEN, B.Sc., Ph.D., and G. W. Rowe, M.A., Ph.D., Tube Investments Research Laboratories, 
Hinxton Hall, Cambridge 


[Paper received 4 September, 1957] 


This paper describes experiments in which a small radioactive tungsten carbide hemisphere was | 
The tungsten carbide transferred to the plates was 

On well-prepared copper about 50 x 10~—!2 g was er | 
transferred steadily to each millimetre of track during a single traversal. This carbide was firmly 
embedded in the copper, even after several traversals in each direction over the track. Single 
traversals on mild and stainless steels also produced steady embedded wear. 
reciprocating traversals were made a considerable proportion of the transferred carbide was 
It is suggested that the difference between the first and sub- 


slid slowly over copper and steel plates. 
assessed by counting and autoradiography. 


scattered loosely on the surface. 


sequent traversals on steels is due to the embedded particles acting as abrasives. 
important to distinguish between these two phases of wear. 


It has long been known that when two metal specimens are 
rubbed together metal is transferred from one. to the other 
and it has been demonstrated that fragments of a soft copper 
slider can be plucked out and will remain firmly attached to 
a hard steel plate.) Further experiments using radiotracer 
techniques have shown that steel fragments may be trans- 
ferred to copper. It has been shown that steel fragments 
transferred to steel are generally tightly adherent.© 

Some recent experiments have shown that even such a hard 
material as tungsten carbide can be steadily worn away by 
copper, and that the transferred particles remain adhering to 
the copper. Stainless and mild steels also cause wear, but 
the transferred particles are loose when the slider reciprocates 
over the same track. 


RESULTS 


Tungsten carbide on copper. A small spherically-ended 
slider of tungsten carbide (94% tungsten carbide, 6% cobalt) 
was activated in a pile to give strong W187 activity. The 
slider was then carefully degreased and ten identical sliding 
tracks were made under a load of 1-5kg on a smooth 
degreased copper block. Each track was about 2-25 cm 
long and the slider passed only once over each. The amount 
of activity transferred was assessed with a scintillation counter 
and an autoradiograph was also made by placing a photo- 
graphic film in close contact with the block for several hours. 
When the film was developed it showed uniform blackening 
over the whole track region. Fig. 1(@) is a print of such an 
autoradiograph. The track images are white. It is found in 
other experiments that this smooth wear is common on well- 
prepared surfaces but that quite small defects such as pits, 
scratches, or inclusions could cause severe local increase in 
the wear. 

The counter was calibrated with a small fragment of known 
weight, identical in composition with the slider, which had 
been activated at the same time. It was then found that the 
total amount of tungsten carbide which had been transferred 
to the block during sliding was 10~-® g. The resolution of the 
autoradiographic film is such that it is possible to detect 
irregularities in blackening greater than 20 across. The 
blackening nevertheless appears uniform in general, so we 
may consider the rate of wear as 10~8/225, or about 
45 x 10-!2g/mm of sliding. To give an idea of the 
magnitude, if we assumed the wear to be absolutely uniform 
this would correspond to a layer about 2 A thick. 

Tracks were made on other similar copper blocks, which 
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However, when 


It is thus wa | 


were then counted and showed about the same wear. The 
blocks were then subjected to mechanical shocks of increasing 
violence, ending with sharp hammer blows and a drop from | 
one metre on to a steel plate. The amount of transferred 
tungsten carbide which could be detached from the blocks in 
these ways amounted to less than 4% of the total wear on 
any given block. | 

Tracks were then made with ten traversals of the slider in 
each direction. Again the amount of loose wear did not 
exceed a few percent. Fig. 1(6) shows the wear distribution 
on this specimen. The small areas of heavier wear represent 
the ends of the wear tracks. 


(a) 


(6) 


Bigs ele vAt autoradiograph positive print showing 
transferred active tungsten (white regions). xX 6 

(a) A small tungsten carbide slider produced the tracks on — 
smooth copper by sliding once over each. 

(b) Transfer of carbide on to copper in tracks traversed ten 
times in each direction. 
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Tungsten Nar hide on mild steel. Similar tests were made 
ith ten single traverses on mild steel blocks. Again a 
aooth steady wear was found on well prepared blocks 
‘ig. 2(a)] and the amount of transferred tungsten carbide 
hich could be detached by mechanical shock was again not 
ore than a few percent. The total wear on mild steel was 
und to be less than on copper, about 6 x 10-2 g/mm of 
ding under comparable single-traverse conditions. 

Fig. 2(5) shows that the character of the wear was changed 
hen ten trayersals in each direction were made on each 
ding track. A considerable proportion of the wear was 
ose and was scattered over the block, no longer conforming 
the sliding tracks. Indeed, the iio down emulsion. 
self detached many of the loose fragments from the block. 


\. 


rata) ~ 


Fig. 2. Autoradiograph positive print chown transfer 
to mild steel 


(a) Single traverses on each track. 
(b) Ten traverses in each direction on each track. 


Tungsten carbide on stainless steel. Fig. 3(a) shows the 
100th wear produced by traversing a tungsten carbide 
der once over each track on a stainless steel block. The 
10unt of wear was comparable with that found on mild 
el and only about one-fifth of that on copper. Again 
most the whole of the transferred carbide was strongly 
nded to the block. 

The autoradiograph Fig. 3(b) shows that the wear is very 
leven when a carbide slider is traversed ten times in each 
rection over each track. The total wear is very much 
avier than that found on copper and loose fragments are 
uttered all over the block. About 30% of the total wear 
1s removed by a small suction nozzle passed slowly over 
> block. 


DISCUSSION 


These experiments suggest that when copper, mild steel or 
inless steel specimens are carefully prepared with 
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mechanically smooth surfaces the wear of a tungsten carbide 
slider is sensibly uniform and that the transferred carbide is 
strongly bonded to the surface. Small defects, however, 
cause sharp local increase in wear and this may explain why 


@ 


(b) 


Autoradiograph positive print showing transfer 
to stainless steel 


Fig. 3. 


(a) Single traverses on each track. 
(6) Ten traverses in each direction on cach track. 


second and subsequent traversals over the same track give 
uneven wear. Small fragments of tungsten carbide left 
behind by the first traversal are embedded in the track and 
act as minute abrasives, which may knock fragments out by 
a mechanical action during further sliding. Such chips are 
apparently scattered freely over the surface and do not adhere 
to it. It is possible that with copper, which is much softer 
than steel, a greater number of these abrasive particles are 
pushed down well into the substrate material and so cause 
less damage to the carbide slider. 

The wear process must this be considered to have two 
phases: (a) the initial steady wear on virgin metal, and 
(b) the more complicated adhesive and abrasive wear régime 
in subsequent sliding over the same track, 
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NOTES AND NEWS 


Correspondence 


Temperature coefficient of maintenance potential of glow 
discharge voltage stabilizer and regulator tubes 


The temperature coefficient of maintenance potential of a 
glow discharge tube refers to the effect of ambient temperature 
changes on the maintenance potential V,, of a tube run at 
a constant current. It is usually measured as dV,,,/dT, where 
T, is the temperature of the outside of the tube envelope. 
Temperature coefficient effects were first studied by 
Jurriaanse“) using a temperature range 20 to 40°C. The 
coefficients were negative and approximately constant. 
Jurriaanse calculated the variation in gas density in the 
vicinity of the cathode and showed that this could explain 
the observed variations in V,,. Measurements have since 
been made on a number of commercial voltage stabilizer and 
regulator tubes, mainly of the miniature type taking less than 
60 mA. current.?2>3) Water baths, oil baths or electric 
furnaces were used. The temperature was raised a few 
degrees and, after a fixed interval of time, V,, was measured. 
This procedure was repeated over the required temperature 
range. Although the coefficients below 100° C for most 
commercial tubes were negative, some positive coefficients 
were obtained. 

Elevated temperatures cause drifting of V,, in some tubes, 
and a disadvantage of this method is that recorded changes 
in V,, are due not only to the temperature, but also to the 
length of time held at that temperature. In the present work 
the tube is normally held in a reference oil bath at 35° C. 
It is then plunged into one of six baths each held at a constant 
temperature covering the range 20 to 110°C. Variations in 
V,, are continuously recorded. After five minutes the tube 
is returned to the 35° C bath and allowed to return to the 
reference state. Cumulative drift effects are therefore avoided. 

A number of commercial, miniature-type, voltage regulator 
and stabilizer tubes have been measured by this method over 
their current ranges given in published data. In most cases, 
as the temperature increases, the temperature coefficient 
commences negative, becomes zero at a critical temperature 
T., and is then positive. Benson reports cases in which a 
second reversal occurs. The value of 7, varies with gas 
composition and pressure, cathode material, tube geometry 
and discharge current. Temperature coefficients measured 
by Jurriaanse were approximately constant because the 
values of 7, applicable were much in excess of the highest 
temperature used. 

The manner in which V,,, reaches its equilibrium value on 
sudden increase of T, is of interest. For most tubes an initial 
rapid decrease in V,, is followed by a slow increase. Special 
tubes in which the cathode temperature rises quickly to its 
new equilibrium value do not show this overshoot effect. 
The final value equals that obtained by slowly increasing T, 
to the same temperature. A typical result for a type 85A2 
tube at 5-5 mA is shown in Fig. 1. The effect is reversible. 

Transient density changes are the most likely cause of this 
effect. The majority of voltage stabilizers and regulators are 
designed to have no anode fall. The greater part of V,,, 
therefore appears across the cathode dark space, and will be 
dependent upon the gas density in this region of the tube, Se 
Sudden heating of the gas adjacent to the tube envelope will 
cause it to expand and increase p,. The latter will then 
decrease according to two time constants owing to: (i) the 
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gas quickly reaching a quasi-equilibrium state, and (ii) the 
cathode temperature slowly rising by an amount approxt- 
mately equal to the change in envelope temperature. The 


final value of p, will be greater than the initial value; i.e. . 


dp,|dT, is positive, p, approaching a constant value, that for 
zero density gradient within the tube, as 7, approaches 
infinity. dV,,/dp,. can be shown to be negative and therefore 
dV,,/dT,, if caused by density changes only, would be negative, 


Envelope temperature (°c) 


g potential (mV) 


Change in maintainin 


fe) 5 10, 15 20 25 30 35 
Time (min.) i 
Fig. 1. Effect of changes in envelope temperature on 


maintaining potential for a type 85A2 tube 
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Fig. 2. Effect of rate of rise of envelope temperature on 
maintaining potential for a type 150B2 tube 
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‘proaching zero as T, approaches heat We conclude 
at, although the phenomenon described indicates that 
nsity changes can cause appreciable changes in V,, and 
ast be a contributory cause of temperature coefficient, there 
ast be other effects present which tend to increase V,, as 
is increased. Explanations based upon the release of 
htamination from the walls of the tube on increase of T, 
2 not consistent with the reversible nature of the effect. 
An interesting result of the phenomenon is that sudden 
anges in T, will cause V,, to alter over a range greater than 
at previously observed for gradual changes in T,. Changes 
V,, for a type 150B2 tube at 10-0 mA with different rates 
rise of T, are shown in Fig. 2. For high rates of change, 
» alters over a range greater than twice the difference 
tween the equilibrium values. 

Acknowledgements are made to the Director of Mullard 
*search Laboratories for permission to publish this note. 


ullard Research Laboratories, J. SMITH 
Ifords, [12 November, 1957] 
‘Trey. 
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‘e first nuclear engineering and science congress. Vol. 1. 
_ Problems in nuclear engineering. Vol. 2. Reactor 
' operational problems. Edited by D. J. HuaGues, S. 
~ McLain and C. WILLiAmMs. (London: Pergamon Press 
Pe ltd 1957s) Pps) VOls. 122365... Vol. 22.9278. . Price: 
£6 per volume, £10 per set. 
ch of these two companion volumes consists of a collection 
papers grouped into sections covering various nuclear 
ictor problems. The Engineers Joint Council in the U.S.A. 
comprising the major institutions in the field—organized a 
seting held in December, 1955, closely following the Inter- 
tional Conference in Geneva that year, which was designed 
- American scientists and engineers and to supplement the 
meva papers with others of a more engineering flavour. 
any of the papers have appeared individually in various 
irnals, but the publishers intended these volumes to be a 
{lection of the most significant and original ones, and set 
sir editors the invidious task of making a suitable selection 
ym the 358 papers presented at the Congress. It is not 
ssible within the scope of a review notice to examine 
ch paper and to give detail comment on such a range of 
iterial. Attention will therefore be directed to the general 
ntent of the papers selected and any of outstanding 
erest. 
Volume 1 consists of four sections, the first of which is 
titled “‘site selection, safety and economics’”’. There are in 
st no papers on economics and those on site selection are 
an introductory nature only. In addition to some general 
cussions of factors affecting safety, there is an elementary 
per on shielding design and one on health precautions. A 
‘ther paper outlines the mode of working of the Reactor 
feguards Committee in the U.S.A., but for the design 
gineer perhaps the most interesting article discusses ‘“‘a 
posed structural design basis for nuclear reactor pressure 
sels’. The editors admit that this section has two notice- 
le gaps—the first a lack of information on hazards due to 
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(3) BENson, F. A., and BENTAL, L. J. 


Wireless Engr, 33, 
p. 33 (1956). 


Comments on the A.S.T.M. Powder Data File—3 


The writers have now prepared a third booklet, bearing the 
above title, which contains further additions to the lists 
previously published and described in the Institute’s journals.* 
Copies of the present booklet are being distributed in the 
same way as were the others. Those who do not receive 
copies of the booklet in this way may obtain them (free of 
charge) on request from the Institute or from us. 

It is hoped that similar lists of comments will be published 
at approximately annual intervals. Users of the Data File 
are urged to send to the writers any material that they feel 
should be included in future issues. 


‘Viriamu Jones Laboratory, J. W. HUGHES 
University College, Cardiff, IsABEL E. LEwIs 
S. Wales. A. J. C. WILSON 


[12 February, 1958] 


* HuGues, J. W., Lewis, ISABEL E., and Witson, A. J. C. 
JS Cle Instrum., 34, p. 211 (1957). Brit. J. Appl. Phys., 8, p. 173 
(1957). 


books 


chemical fires with reactor materials, the second the design 
of the containment vessel, a universal item in all major 
reactors in the U.S.A. 

The second section is entitled “‘material,”’ and by intent 
deals with materials and their properties rather than testing 
methods. It is much more technical in nature than the first 
section, containing some quite specialized papers as well as 
the review type. Various fuel materials, mainly uranium and 
its alloys but including ceramics, are discussed, structural 
materials are considered, and there are two papers on graphite. 
Only one paper on thorium is presented. Liquids are repre- 
sented by discussion of water decomposition by fission recoils, 
and by several papers on liquid metals and their corrosion 
characteristics. The editors must have had considerable 
difficulty in making their selection for this section. 

The heading for the third section is “design” and it illus- 


trates in some respects the difficulty that always exists in 
writing about design. 
cussion of components to analysis of power cycles and general 
surveys of reactor types. 
zirconium welding, and the fabrication of the zirconium core 


The papers range from detailed dis- 
Two interesting papers deal with 


tank for the ORNL homogeneous reactor. Two literature 
surveys rather surprisingly complete the section. 

A short section of heat transfer papers concludes this 
Two papers deal with experimental results, one on 
boiling in horizontal channels, one on heat transfer for water 
flowing parallel to a bank of tubes. Two analytical papers 


consider stability of flow in parallel channels, and there is 


one dealing with calculation of heat generation by radiation 
in reactor components, a complicated subject which it is 
hardly possible to do justice to in such compass. 

Volume 2, entitled somewhat strangely “reactor operational 
problems,” contains four sections, the first of which deals 
largely with waste disposal. There is some duplication of the 
material here, and the papers are mainly of the general 
survey type, covering water treatment and waste processing, 
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storage and disposal problems, and finally fall-out monitoring, 
and a survey of health physics literature. 

The second section contains sixteen papers on chemical 
processing, ranging from dissolution of solid fuels through 
chemistry and engineering of aqueous processing to the special 
processing of fluid fuel systems of the aqueous and liquid 
metal types, and ending with papers on pyrometallurgical and 
electrolytic processing, and on fluoride volatility methods. 
There is a paper on design of active plant for maintenance, 
and one on pulsed column operation. 

In the third section are papers on reactor physics, including 
critical assemblies and exponential experiments. General 
items are on experimental comparison of U?35 and U3, 
reactor kinetics and determination of source strengths. Sub- 
critical and critical assemblies are examined for their use as 
measuring devices for sections of other fuel elements and 
lattices, and there are two papers on the determination of 
breeding ratio referring to EBR.I which are of interest. 

The final section on control and instrumentation is a rather 
mixed selection covering some general papers on instruments 
and their use, the considerations needed in devising a reactor 
control system, including a paper on calculation of control 
rod effectiveness, and some studies of overall power cycle 
control systems. 

In compiling these volumes, the editors have selected about 
One quarter of the papers originally presented; even though 
they have obviously made an effort to balance the contents, 
it is inevitable that some unevenness is still present, and in 
places some overlapping. The range of subject-matter is 
very wide and the range in paper content from the ele- 
mentary survey to the highly technical in the various areas 
make it a little uncertain as to the reader at whom these 
books are aimed. Interesting though many of the papers are, 
it is unlikely that more than a fraction will become works of 
reference, and in such a developing field, the price will force 
the private reader to consider carefully whether he can afford 
to have these volumes to dip into as needed for general 
interest, since such collections are scarcely in the nature of 
genuine textbooks. J. SMITH 


La diffusion dans les metaux. Edited by J. D. Fast, H. G. 
VAN BUEREN and J. PHILIBERT. (Eindhoven: Philips 
Technical Library, 1957.) Pp. 124. Price 37s. 6d. 

In this book are published eleven papers originally presented 

at a colloquium at Eindhoven in September 1956. The 

introductory survey by A. D. Le Claire deals briefly with the 

theoretical and practical bases of the study of diffusion in a 

manner which many lecturers and young research workers 

will find attractive. Similarly, P. Lacombe gives an authori- 
tative account of diffusion in grain and low-angle boundaries 
and its relationship to their structure. It is fairly easy to 
show preferential grain-boundary diffusion and its qualitative 
dependence upon orientation difference between grains, but 
refinement of techniques will be necessary in order to test the 
hypotheses which are advanced. J. L. Meijering discusses 
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how our detailed knowledge of the diffusion of interstitial 
atoms in binary solid solutions may be used in the study of 
more complicated systems. 

The remaining papers present new experimental results on 
the Kirkendall Effect, grain-boundary diffusion, interstitial 
diffusion, and the effect of elastic strain upon diffusion. 
Needless to say, the contributions are of variable quality but 


all merit the serious attention of specialists in the field of 


diffusion. 
The book is attractively produced but its price seems rather 
high. T. BRoom 


Digital computer programming. By D. D. McCRACKEN. 
(New York: John Wiley and Sons Inc.; London: 
Chapman and Hall Ltd., 1957.) Pp. vii-+ 253. Price 62s. 

This is a well written and attractively produced text on the 

elementary aspects of computer programming, but the 

reviewer would join issue with the author and the publishers 
on the following points. Firstly, because it is untrue to claim, 
as is done on the dust jacket, that this is ““The first general 


3° 


introduction in book form. . .”’, and secondly, because the 
author’s invention of an artificial machine for his illustrations _ 
means that readers will have to re-learn the coding process 
for any machine which they actually use, particularly in 
Europe where decimally based machines are rare. 

The author mentions the handbooks supplied by machine 
manufacturers, and the fact that these usually cover the same 
ground as the book and are issued without charge will 
combine with the high price in restricting its interest in this 
country. A. D. BootH 


Journal of Scientific Instruments 


Contents of the March issue 


ORIGINAL CONTRIBUTIONS 
Papers 
The Venturi pneumatic pyrometer. By A. M. Godridge, R. Jackson and G. G. 
Thurlow. 
A nuclear magnetometer. By G. S. Waters and P. D. Francis. 
The emergent column correction in mercury thermometry. By J. A. Hall and 
Vera M. Leaver. -) 
A vibrating condenser manometer. By J. L. Williams and G. F. Eveson. 
A simple tensile testing machine for very fine wires: By A. E. Widdowson. 
Diffusion measurements by a sampling technique. By P. H. Elworthy. 
An airflow interrupter for respiratory work. By L. E. Mount. 
Anti-reflexion coatings for indium antimonide and other semi-conductor filters. 
By S. D. Smith and T. S. Moss. 


A feedback-controlled Pirani gauge. By J. H. Leck. 


Laboratory and workshop notes 
A graphite resistance furnace for physicochemical studies up to 2200°C. By 
J. D. Mackenzie and J. O’M. Bockris. ] 
An X-ray collimator for single-crystal goniometers. By E. N. Maslen. 
The reduction of misalignment voltage in Hall measurements. By L. W. Davies. 
An insulated vacuum lead-in using an O-ring. By W. D. Edwards. 
An electron gun alinement and mounting technique. By L. C. Robinson. 
The closure of high pressure vessles; a hydraulic high-torque torque wrench. By 
E. Whalley, A. Lavergne and R. Goton. 
Removal of signal fluctuations in a photoelectric polarimeter. 
A variable ratio, tape-coupled, recording microdensitometer. 
and J. E. Wilson. 


By A. R. Downie. 
By P. C. Russell 


NOTES AND NEWS 
Correspondence 
A nee for measuring transistor current gain at radio frequencies. 
yde. 
A digital recording system for measuring the electrical properties of semi- 
conductors. From R. H. A. Carter, D. J. Howarth and D. H. Putley. 
The sectioning of hard keratinous substances. From F. Happey and J. H. 
Keighley. 
New instruments, materials and tools 
Manufacturers’ publications 


From F. J. 


New books 
Notes and comments 


Details may be obtained upon application 


missing numbers will only be considered if received within 
Losses attributable to failure to notify a change of address 


I i \ The charge is £5 per vol 14.2 “S.A;); 1 ing i x i i 
Single parts, so far as available, may be purchased at 10s. each ($1.30 U.S.A)» are > U.S.A.), including index (post paid), payable in 


, post paid, cash with order. Orders should be sent to The Institute 


BRITISH JOURNAL OF APPLIED PHYSICS 


124 


VoL. 9, Marcu 1958 


ial 


SPECIAL ARTICLE 


The mechanical wear of metals* 
By W. Hirst, B.Sc., Ph.D., F.Inst.P., Associated Electrical Industries Ltd., Aldermaston, Berks. 


The design of fundamental experiments for examining the wear phenomena encountered in the 
conditions of speed and loading of industrial machines is discussed. Apparatus is described in 
which nominal point or nominal line contact can be maintained indefinitely, and some of the 
phenomena observed when a lubricant is used are discussed. With carefully run-in specimens, 
_ the hydrodynamic condition of lubrication is maintained up to very heavy loads; a method of 


ment. 


| Measuring the thickness of the oil film in line contact conditions is outlined and some results 
given. In unlubricated conditions the phenomena of wear can be studied using simpler equip- 
The main phenomena, the laws and the mechanisms of wear in unlubricated conditions 


are discussed, and the present state of development of theories of wear is outlined. In conclusion, 
some suggestions are made about the directions in which fundamental studies of wear need to 
be pursued. 


fechanical wear takes many forms and its study is confused 
y the large number of factors which influence a wear rate. 
1 compensation there are large rewards to be obtained, for 
is one of the few subjects in which a tenfold improvement 
im sometimes reasonably be expected. This is because the 
ear rates of materials range so widely. In unlubricated 
onditions the range is as much as a millionfold, whilst for 
1 individual combination of materials a small change in the 
ibbing conditions may change the wear rate by one or two 
rders of magnitude. 

Wear is a problem of great practical importance; the 
2preciation due to wear and tear in man’s total accumulated 
ypital assets, at a rate of several per cent per annum, con- 
itutes one of the largest costs of this industrial civilization; 
2preciation due to mechanical wear comprises an important 
art of this. Although it can be argued that it is desirable 
» replace plant and equipment periodically in the interests 
f efficiency, it is nevertheless better to be able to do this 
hen one chooses than to have it forced upon one by wear 
ad tear. Because of its practical importance a great many 
vestigations of mechanical wear have already been made, 
ut the subject is still receiving far less attention from 
sientists than its importance merits. The weakness of the 
ibject is that, whilst there is a most voluminous literature 
mply illustrating its complexity, an underlying framework of 
ientific principles has not clearly emerged. This is probably 
scause the amount of effort exerted on empirical testing 
as far outweighed that put into studying the fundamentals 
* the subject. 4 

Previous investigations fall into three classes—those using 
ill or reduced-scale machinery, those using test rigs designed 
» simulate practical operating conditions, and fundamental 
vestigations. Work with full-scale machinery gives infor- 
ation which can be applied directly to practice. This 
ethod is convenient when one is interested in relatively 
nall machines, such as motor car engines, but it is less so 
1 examining the behaviour of large components such as 
arine gears. Large systems are more conveniently studied 
7 means of a test rig which simulates the operating con- 
tions, but the use of this method confronts the experimenter 
ith a paradox. Full-scale testing and simulated testing are 
ymmonly employed when the operating conditions are 
ought to be too complicated for fundamental study. The 
iradox is that without the fundamental understanding it 


* Based on a lecture given to the London and Home Counties 
-anch of The Institute of Physics in Aldermaston on 31 October, 
156. 
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remains uncertain whether or not the test rig succeeds in 
simulating the operating conditions. 

Early fundamental investigations of wear were primarily 
devoted to determining the manner in which variables such 
as load, speed and atmosphere affect the wear rates. It was 
soon learned that the number of variables is considerable 
and the picture of wear phenomena which emerged showed 
little discernible pattern. In the years since the war there 
has been a renewed interest in thc fundamental approach. 
This interest is timely for, with the development of the 
techniques of electron microscopy and of radioactive tracers, 
it has at last become possible to examine in detail the 
mechanisms by which wear occurs. In this article, the 
approach developed by the author and his colleagues is 
described. The objective was to extend fundamental investi- 
gations to provide a background of knowledge against which 
the behaviour of machinery could be considered. 


CHOICE OF EXPERIMENTAL METHODS 


In designing experiments it needs to be remembered that 
the wear phenomena in a machine may change during its 
working life, that machines often operate at high speeds and 
that their elements have various shapes. The first require- 
ment, therefore, is that an experiment must continue for an 
adequate period of time and during this period the surfaces 
will wear to some extent. This introduces a difficulty, parti- — 
cularly when a lubricant is used, if it is desired to obtain 
fundamental information. The nature of the difficulty is 
most readily seen by considering an example. Fig. 1 depicts 
a simple rubbing system consisting of a flat block a loaded 
against a rotating ring b and lubricated with oil from a 
bath c. 

} w 


Se 


Fig. 1. 


a, flat block; 5, rotating ring; c, oil bath; w, load. 
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A simple wear apparatus 


W. Hirst 


Initially contact is made along a line and the local stresses 
in the block and ring are high. As wear occurs, a scar forms 
on the block, its size increasing with time, and the stresses 
diminish. Simultaneously, the proportion of the load sup- 
ported hydrodynamically by the oil changes so that the 
remaining load, which alone produces wear, changes also. 
The magnitude of the hydrodynamic lift depends upon the 
size of the wear scar, on its conformity to the ring, and on 
the clearance. The clearance depends upon the surface 
finish which in turn is related to the manner in which the 
materials wear. It is clear that whilst experiments using this 
system might be useful as empirical tests, they are of little 
fundamental value except when the lubricant is omitted or 
at speeds so small as to render hydrodynamic effects insigni- 
ficant: otherwise not only do the conditions change with 
time, but it is also practically impossible to determine what 
they are. The first problem therefore is to devise methods of 
making extended experiments in definable conditions despite 
the fact that the materials wear. 

Since machine elements have various shapes, wear experi- 
ments are needed in systems having different geometry. 
Fortunately, it may not be essential to study many systems. 
Machine elements either conform or they do not. If they do 
not, nominally they engage either along a line or at a point. 
If they conform, they will either be separated by a relatively 
thick oil film, as in full hydrodynamic lubrication, or will 
be in local contact, as in thin film or boundary lubrication or 
when running without lubricant. In full hydrodynamic con- 
ditions, wear is negligible but otherwise it occurs mainly 
where raised features on the surfaces make local encounter. 
The majority of these local contact areas will again approxi- 
mate to lines or points. However, with conforming surfaces 
there may be complications owing to the fact that the total 
applied load is supported upon a distribution of contacts 
instead of on a single one. These arguments suggest that a 
great many of the elementary features of the operation of 
machines could be examined by making experiments in line 
and also point contact provided these conditions could be 
maintained. In addition special problems with distributed 
contacts might require separate study. 


ROLLING AND SLIDING 


Machine elements operate with a variety of motions and 
this has to be considered also. Conforming surfaces can 
only slide but non-conforming surfaces also roll. Some non- 
conforming machine elements, such as gear teeth, engage 
with a motion which is a combination of both rolling and 
sliding. One of the main features characterizing these forms 
of motion is the distance a point on one surface slides over 
the other during the engagement. In rolling it is nominally 
zero but it increases as the motion changes towards pure 
sliding. The distance of sliding has an important influence 
on the tendency of the surfaces to become damaged whilst 
they are in contact. 

The importance of the sliding distance can be illustrated 
by considering the nature of the damage between surfaces 
which are loaded together normally and the change which 
occurs when they are displaced tangentially. Holm has 
shown that when clean degassed metals are placed in contact 
in a vacuum, they will adhere. Usually the adhesive forces 
are not very great but Bowden and Rowe™ have shown that 
they can be raised to an appreciable fraction of the loading 
force by annealing the metals whilst they remain in contact. 
However, admission of a trace of air before contact allows a 
thin oxide layer to form on the metal surfaces and destroys 
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adhesion. Metal surfaces as used in engineering are generally 
covered with relatively thick films of oxide or other con- 
taminant and in general do not adhere. The adhesion is 
destroyed because under normal load only, surface films 
remain intact. Thus Cocks,@) from measurements of the 
electrical contact resistance, calculated the maximum extent 
of breakdown of the oxide films on metals normally loaded 
together, and quite commonly derived values less than 10~7 
of the total contact area. Even with surfaces so rough that 
the surface markings were visibly deformed, values between 
10-2 and 10-7 were obtained. There is, therefore, little 
tendency for the metals underlying the surface films to 
break through them and weld together. Kerridge“ demon- 
strated this directly by measuring the extent of metallic 
transfer after a radioactive copper hemisphere had_ been 
loaded against an inactive copper flat. Degreased specimens 
showed no significant transfer at loads up to 30 kg, whilst 
even at 160 kg it amounted to only 2:7 x 107° g, despite the 
fact that there had been sufficient bulk flow of the copper 
to form a dent 1-9 mm? in area. In contrast it may be noted 
that, in sliding, under a load of only 1 kg, the transfer was 
about 1 x 10~® g/cm. 

This small degree of penetration of the surface film, despite 
extensive bulk flow, appears surprising, but an argument due 
to Crook® helps to show why it can happen. When curved 
surfaces are loaded together the point of maximum shearing 
stress lies beneath the surface,” and at a sufficient load 
this is the point where flow begins. It has generally been 
supposed that when the load is increased further the 
plastically deformed zone spreads above and below this point. 
Crook, however, points out that the effect of flow is, in fact, 
to relax the surface stresses and they remain within the 
elastic limit. The plastically distorted zone does not rise but 


instead penetrates deeper and deeper into the material. With 
materials which work-harden this simple picture is modified 
somewhat because of the increase in the yield stress as defor- 
mation proceeds.®) Fig. 2 shows a metallographic section 


Fig. 2. Normal section through an impression in 
Armco iron produced by a in. diameter ball bearing at a 
load of 2000 Ib 


by Dr. Welsh taken through an impression in Armco iron 
produced by loading a gin. diameter ball bearing against it 
with a force of 2000 lb. Although this load is some hundreds 
of times greater than that needed to initiate flow and pro- 
duces very severe deformation in the iron, the photograph 
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hows clearly that there is a thin layer near the surface in 
thich the crystalline structure remains almost unaffected. 

In sliding, the friction superposes a tangential component 
n to the stress distribution and in these circumstances the 
hearing stress in the surface may become very close to the 
1aximum shear stress.© It is then to be expected that the 
urface films will become disrupted and extensive inter- 
ietallic contact will occur. Experiment shows“ that when 
ye normal load is sufficient to cause extensive bulk flow, 
irge scale, continuous rupture of the surfaces results. When 
1e load is within the elastic limit, the stresses at some surface 
‘regularity may, nevertheless, locally exceed the yield stress, 
nd a small weld may form and then grow as sliding continues. 
‘rom this it follows that the frictional forces at the onset of 
iding are typical of contaminated surfaces, and that as 
iding proceeds the coefficient of friction in general changes. 
Different frictional phenomena and different degrees of 
irface damage are therefore to be expected in mechanical 
ystems in which the sliding distance is short, as with a pair 
f spur gears, from those in which it is long, as with a piston 
1. a cylinder. The effect of sliding distance is conveniently 
cudied in a friction apparatus in which the specimens are 
ylinders, one inclined at 45° to the direction of sliding, the 
ither being mounted on a turntable (Fig. 3). The sliding 
istance is varied by rotating the turntable. Such an apparatus 
as been designed by Dr. Archard and results obtained with 


Figs. 3: 


} Crossed cylinder friction apparatus 
4 7 ; ; : F 
ie specimens; B, turntable; C, direction of 


sliding; D, friction measuring element; E, point of application 
of the load. 


sliding distance 


Fig. 4. Crossed cylinders friction apparatus 


Friction records corresponding to the specimen arrangements 
shown at A, Band C. With A-and C the sliding distance is 
long, with B it is short. Upper specimen 0:4% carbon steel; 

lower specimen 1:5 °% nickel, 1% chromium steel unlubricated. 
‘Speed 0:05 cm/s. Loads: A, 10 kg; B, 7:5 to 25 kg; C, 10 kg. 
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it show that the influence of the sliding distance can indeed 
be very great (Fig. 4). This, therefore, is a factor which must 
be borne in mind when attempting to design experiments 
intended to show the probable behaviour of a material in a 
particular type of machine. The dependence of the extent 
and nature of the surface damage on the distance of sliding 
is probably the main reason for the well-known difference 
between the behaviour of materials in rolling and in sliding. 
In pure sliding very effective lubrication must be provided, 
whereas rollers will often operate satisfactorily with hardly 
any lubrication at all. Moreover, the stresses which can 
safely be imposed on sliding elements are very small in com- 
parison with those which can be carried by rollers. 


CONTINUOUS RUBBING IN CONDITIONS OF POINT 
CONTACT 


To maintain nominal point contact conditions indefinitely 
a fairly complicated apparatus is required. Dr. Archard and 
Mr. Tillen have designed a machine in which the test speci- 
mens are cylinders both rotating with their axes crossed at 90°. 
Simultaneously, one cylinder reciprocates in a direction at 45° 
to its axis (Fig. 5), the reciprocating motion being deliberately 


Fig. 5. Schematic diagram of crossed cylinders wear 


machine 


AA’, upper specimen axis; BB’, lower specimen axis; CC’, 
fixed pivot axis, W, load. 


unrelated to the speed of rotation. Each point of the surface 
of each cylinder therefore rubs against the other, so that 
although the specimens wear they retain their cylindrical form. 
In this way point contact conditions are maintained and, 
since wear changes the diameter of the cylinders very little, 
the stresses are also effectively constant. The sliding distance 
can be varied by varying the speed of rotation of one cylinder 
with respect to the other. 

Exploratory experiments with this apparatus show that at 
light loads, after careful running-in, the electrical contact 
resistance between lubricated specimens can be very high, 
some tens of thousands of ohms. As the load is increased the 
oil film begins to break down locally giving temporary 
excursions of the contact resistance to low values, one ohm 
or less. Eventually at heavy loads low resistances below one 
ohm are observed all the time. At sufficiently heavy loads, 
the lubrication fails and the surfaces become heavily damaged; 
this is commonly termed “‘scuffing.”” This general pattern of 
events is influenced by the speed; at low speeds the low 
resistance region extends over a considerable range of loads, 
but at higher speeds scuffing may follow almost immediately 
after the electrical resistance begins to fluctuate to low values. 
The variation of the scuffing load with speed is shown in 
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Fig. 6. The experiments show two rather surprising effects. 
The first is that although point contact conditions are not 
favourable for good lubrication, nevertheless, when enough 
care is taken to run-in the surfaces, loads sufficient to cause 
extensive plastic flow can be supported over long periods of 


Scuffing load (kq) 
Q, 


re) 
lO Io? Io 


Surface speed (cm/s) 


Fig. 6. Scuffing loads of 3:8cm diameter mild steel 

specimens as a function of speed. The average values of 

the electrical resistance for the experimental points are as 
follows: 


nd 3, <0-1Q; 4, 50Q; 5, not measured; 
104 Q; 8 and 10, 104; 9,2 « 103 Q. 


running without the surfaces seizing. Examples of the flow 
produced are shown in Fig. 7. The second point is that the 
very high electrical contact resistances which can be observed 
clearly denote some form of hydrodynamic lubrication. 
Simple hydrodynamic theory, assuming rigid bodies and an 


(9) 2xlO3cm 


O:lem 


a ey CONS 


O:lem 


(c) SO ee otal © 
O:O2em 
A aM og 


O-O2cm 


Fig. 7. Plastic flow in mild steel without scuffing 


(a) Accumulation of material at the end of track. 
(b) Plastic flow in track. 

(c) Surface finish of track. 

(d) Original surface finish. 


oil of constant viscosity, predicts that the load which can be 
supported in point contact conditions is given by“) 


where 77 is the oil viscosity, Vis the sum of the surface velocities 
at the contact (i.e. the rate at which oil is dragged into the 
contact), R is the local relative radius of curvature of the 
surfaces and fg is the minimum thickness of the oil film. A 
high resistance film has been observed at loads up to some 
tens of kilograms and, on substituting the experimental values 
for W, 7, V, and R in the formula, one obtains a value for 
ho of about one angstrém unit. This value is incompatible 
with a condition of hydrodynamic lubrication and, clearly, 
hydrodynamic theory for point contact conditions requires 
considerable development. 


LINE CONTACT 


Phenomena in conditions of line contact are conveniently 
studied in a disk machine of the type described by Merritt? _ 
and illustrated in Fig. 8. The disks are loaded together at the 
periphery and, by controlling their speeds independently, 
either rolling or rolling with sliding may be obtained. — 


“thrust 


Fig. 8. Disk machine 


A, fixed cylinder; B, cylinder suspended from pivot C; D, gears 
determining slide/roll ratio; E, cardon shaft; F, fixed shaft, 
Ui, Uo, disks. 


Machines of this kind are often used for simulating the con- 
ditions at a chosen instant during the engagement of a pair 
of spur or helical gear teeth. In these gears pure rolling 
occurs at the pitch line, but above and below this line sliding 
also occurs, the direction of sliding reversing at the pitch line. 

For many years the mechanism of lubrication of gears has 
been a subject for argument. The practical fact that gears 
often show the original machining marks after many years of 
running suggests that they operate in conditions of hydro- 
dynamic lubrication, and electrical contact resistance measure- 
ments using a disk machine“*) support this suggestion. 
Nevertheless, elementary hydrodynamic theory“ assuming 
rigid disks gives the following expression, 


F = 2:448yr(u, + uy)/ho (2) 


where Fis the load per unit face width, 7 is the viscosity of the 
oil, r is the relative radius of curvature of the disks, u,; and uy) 
are their peripheral speeds and hp is the minimum film thick- 
ness. If values corresponding to practical operation are 
inserted, the calculated film thickness is usually about 10~5 in. 
or even less. The inaccuracies in manufacture exceed this 
value so that one might expect the surface irregularities to 
penetrate the films and the gears to operate under conditions 
of boundary lubrication. 


$ : ‘ 
W = 2-4 vR(2*) (1) However, the inadequacy of the simple theory is shown by 
ho the fact that it predicts the development of pressures in the 
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| film of the same order of magnitude as the elastic limit of 
e disk materials. Under such stresses, the disks would 
form and the hydrodynamic forces therefore ought to be 
Iculated for the deformed shape. Moreover, pressure 
anges the viscosity of oils and a complete mathematical 
lalysis of the problem needs to allow for this also; it should, 
oreover, allow for the viscosity change due to the heat 
nerated by the shearing of the oil film and for the conduc- 
yn of some of this heat into the material of the disks. Very 
rious attempts have been made to give consideration to 
ese factors,“'>) but no complete solution of this extremely 
mplicated problem has yet been obtained. 

Crook“!® has found recently that. it is possible to measure 
e oil film ‘thickness between the disks by a method which 
es not rest upon the uncertainties in these theories. If the 
pacitance between the disks is measured, the film thickness 
n be derived once the dielectric constant of the oil and the 
ape of the gap is known. The dielectric constant of a 
m-polar oil is not likely to be changed by the temperatures 
id pressures by more than say 20%; the main problem is 
at the shape of the gap is unknown. Fortunately, after 
Ssing between the conjunction of the disks, the oil film 
vides to form thin sheets of oil on the surface of each disk. 
sry lightly loaded plane pads can be made to float upon these 
ms and the capacitance between these pads and the disks 
n be measured. Because there is no appreciable load, the 
ds remain sensibly undeformed; the shape is therefore 
own and the film thickness can be derived. Therefore, 
ym the capacitance between the disks and the pads, a 
sasure of the oil film thickness at the conjunction of the 
ided disks may be derived. A check on the method is 
dvided by measuring the capacitance between the disks 
smselves when they are loaded so lightly as to be sensibly 
deformed. This also provides a means of determining 
- the first time the range of validity of Martin’s elementary 
sory. 

Dr. Crook’s experiments show that as the load is increased 
» first departure from elementary theory arises from the 
srease in viscosity of the oil due to the pressures developing. 
ter the pressures rise sufficiently to cause the disks to deform 
ticeably and, finally, the oil film thickness becomes inde- 
adent of load. In the last stage an increase in load increases 
» width of the flattened conjunction of the disks sufficiently 
compensate for the tendency to diminish the oil film thick- 
ss. Fig. 9 shows the variation of film thickness with load 
rolling conditions. A particularly interesting feature of 
. Crook’s work is that he shows that the film thickness is 


4 
a 
212 
a 
O 400 800 Ib in. 
O SO Xe) kg cm 


Load per unit face width 


fig. 9. The thickness of the hydrodynamic film between 
rolling disks as a function of load 
isk diameter, 3in.; peripheral speed 597 cms—!; oil to 


\dmiralty specification OM100; inlet temperature of oil 50° C; 
viscosity of inlet oil 0-4 P. 
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influenced far more by changes in the overall temperature of 
the disks, than by changes in the temperature in the heavily 
loaded zone where the properties of the oil are so abnormal. 
This suggests that the oil film thickness is primarily determined 
by the hydrodynamic phenomena at the entry side of the 
disks. If this were to be confirmed it might speed the develop- 
ment of an adequate theory of line lubrication because it is 
at the entry side, before the oil drastically changes its pro- 
perties, that the conditions are definable with least uncertainty. 


THE: LAWS .OF .UNLUBRICATED. WEAR AND: THE 
INFLUENCE OF MATERIAL PROPERTIES 


The above experiments have also shown that hydrodynamic 
support up to heavy loads can only be obtained on carefully 
prepared or run-in specimens. If a heavy load is applied to 
a rough surface immediately after the onset of running, the 
subsequent events depend on the manner in which the 
materials wear. If the surface irregularities reduce in size 
as the experiment proceeds hydrodynamic conditions will © 
ultimately be achieved. If this does not happen the usual 
consequence is early catastrophic failure. It is clear, therefore, 
that the achievement of adequate lubrication depends on the 
properties of the solid materials as well as on the properties 
of the oil. 

Wear experiments in lubricated conditions are very sensitive 
to the conditions of lubrication, and it is easier to obtain a 
picture of the way in which material properties influence 
wear from experiments made in unlubricated conditions. 
Also, of course, the study of the wear of unlubricated materials 
has its own intrinsic importance. The apparatus needed is 
simpler and many useful conclusions cans be drawn from 
experiments using a pin and ring apparatus such as is shown 
in Fig. 10. Two general types of wear can be observed, a 


load 


Fig. 10. Schematic diagram of pin and ring wear 
machine 


A, rotating shaft; B, ring, +¢ in. diameter; C, flat-ended + in. 
diameter pin, pressed under load against ring. 


mild type and a severe type. In severe wear the surfaces 
remain metallic in appearance; there is extensive tearing, 
the wear fragments are of the order of tenths of a millimetre 
in size, and the structure of the rubbing metals is disrupted 
to a comparable depth. In mild wear, the surfaces often 
become discoloured, the wear fragments are usually smaller 
than one micron and, in a normal section, there is no distor- 
tion of the underlying structure visible in the optical micro- 
scope. Fuller descriptions of these two forms of wear have 
been given by Archard and Hirst.“”) 

In general, the change in the nature of the surfaces produced 
by rubbing causes the wear rate to change with time, until 
an equilibrium surface condition has been achieved,“'®) but 
thereafter it becomes constant and independent of the 
apparent area of contact. This behaviour has now been 
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observed a great many times and the author believes that the 
statement “In constant surface conditions, the wear rate is 
independent of the apparent area of contact” can be regarded 
as a law of wear. A second law follows from this if it is 
taken together with the fact that reproducible wear rates can 
be obtained. Two wear machines running side by side would 
together give twice the wear in either. But since the wear 
rate is independent of the apparent area of contact, the load 
on one could be transferred to the other and the wear rate 
remain the same; i.e. the wear rate should be directly pro- 
portional to the load. This behaviour is not generally observed 
because increasing the load on a specimen may change the 
surface conditions, notably by changing the temperature. 
However, Dr. Lancaster“® has measured the wear rates in 
severe conditions for a number of materials at slow speeds 
so as to minimize frictional heating. Fig. 11 shows that in 


|IOO 


O)| lO 
Load (kq) 


Fig. 11. 


35 cm/s: Curve 1, cadmium on tool steel; curve 2, silver on 

copper; curve 3, zinc on tool steel; curve 4, 0:5°% tellurium— 

copper on tool steel; curve 5, 60/40 leaded brass on tool steel; 

curve 6, titanium on tool steel; curve 7, stellite 12 on tool steel. 

0-15 cm/s: Curve 8, gold on nickel; curve 9, platinum on 
nickel; curve 10, tungsten on stellite 20. 


Variation of severe wear rate with load 


these conditions quite accurate proportionality between wear 
rate and load may often be observed. 

Mild wear seems to occur when rubbing produces a surface 
skin which protects the underlying metals against welding. 
Thus severe wear tends to occur more readily when running 
in evacuated vessels, whilst if it already occurs under normal 
atmospheric conditions, it may be inhibited by raising the 
temperature. Fig. 12 shows an example of results obtained 
in a wear apparatus which could be heated by means of a 
surrounding electric furnace; the wear rates start to increase 
when the metal is made sufficiently hot to begin to soften, 
but on heating further oxidation phenomena predominate 
and the wear rate drops by the order of a thousand.2® As 
is well known, at high speeds of sliding, frictional heating 
alone is sufficient to induce high temperatures at localized 
regions of the surface,!) and at these temperatures the 
surface layers may not only react with the atmosphere, but 
also undergo phase transformations. On steels the changes 


i 


Be" 


‘ ie 
martensitic layer formed on the surface of 0:8 carbon steel. 
The original surface hardness was raised by a factor of about 
three whilst the wear rate was reduced some thirty times. 

The development of radioactive tracer techniques and 
availability of facilities for irradiation of metal specimens in 


Wear rate cm/cm sliding 
fe} 


eae at rIGhOn 


300 O 


700 | 
Temperature (°C) 


lOO 


Fig. 12. Variation of wear rate with temperature for 


60/40 brass on tool steel 


the pile has now made it possible to determine the details of 
the mechanism of wear processes. Three detailed studies 
have been made,(2?:23:24) and it appears that wear particles 
may sometimes be the result of a sequence of processes and 
are not always the product of a single event. Thus, in a 
study of the severe wear of brass on steel Kerridge and 


Fig. 13. Martensitic layer formed on the surface of — 
0-78 % carbon steel after sliding unlubricated at 200 cm/s 
under a load of 1 kg } 


Lancaster?) found that small fragments of brass were trans- 
ferred to the steel, other fragments subsequently transferred 


may be very marked and Fig. 13 shows an example of a adding to the original one, and finally the whole aggregate 
t 
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vas knocked off to form a loose wear particle. These authors 
Iso obtained a measure of the size of the individual contact 
gions supporting the load by a method devised by Dyson 
ad Hirst.?>) The size of the individual fragments transferred 
‘as considerably greater, indicating that during the instant 
f transfer the load tended to become concentrated at the 
»gion of damage. This is one of the ways in which pheno- 
rena with distributed loads can differ from those when the 
xad is supported upon a single point. In a study of the 
uild wear of tool steel on itself, Archard and Hirst? observed 
iat the mechanism of wear changed with time. Initially it 
ppeared similar in mechanism to that of brass, but on a 
»duced scale. The scale of the wear processes diminished 
ith time ultimately reducing to events occurring on a scale 
f size of the order of a hundred angstrom units; wear was 
1en mainly due to a process of abrasion. To examine the 
iter stages in the wear process, the electron microscope had 
) be used. 

In the sequence of processes leading to the production of 
wear particle, one stage in the sequence may exert pre- 
ominating control of the overall wear rate. However, these 
ree investigations show that wear particles may be produced 
1 more than one way and by more than one sequence of 
ays. Investigations of this kind could with profit be 
<tended until the main types of wear mechanism are under- 
ood in detail. Without this knowledge it seems difficult 
» envisage how to determine what are the minimum values 
» which it is in principle possible for the wear rates of 
taterials to be reduced or how to try in practice to approach 
1ese rates as nearly as possible. 


t 
| 
THEORIES OF WEAR 


‘Holm made the first attempt to develop a theory of 
ear. In its original form it related the wear rate to the 
amber of interatomic encounters occurring during sliding, 
at as Holm recognized, the treatment was capable of 
‘tension as experimental information about the nature of 
ear became available; The hypotheses introduced by 
rchard?° now seem to provide the best basis for the inter- 
‘etation of the experimental evidence. Archard’s theory 
sts on the fact that the true area of contact between surfaces 
generally small compared with the apparent area, so that 
bring sliding there is a series of encounters as localized 
gions of the surfaces come temporarily into true contact. 
he essential concepts of the theory are that at each encounter 
wear particle either forms or does not, the magnitude of 
e probability of formation being represented by a constant 
and that the wear particle is a lump of material with 
mensions comparable with those of the local contact area. 
the wear particle is assumed to be a hemisphere with a 
dius equal to that of the contact region, assumed circular, 
e wear rate W equals KPs/p,, where s is the sliding distance, 
the applied load and p,, is the flow pressure of the softer 
aterial. 
The theory therefore predicts that the wear should be 
rectly proportional to the sliding distance and the load, and 
dependent of the apparent area of contact. With the 
aalifications given earlier, this is in conformity with the 
‘perimental evidence. The theory does not give any direct 
dication of the expected variation of wear rate with hard- 
sss because the probability constant K may also be expected 
, depend upon the material. When different metals are 
‘amined in similar states of wear?” it is observed experi- 
entally that there is a general tendency for K to decrease 
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with hardness. Experiment also shows!” that the value of 
K is always very small, ranging from 10~? to 10~7, so that 
any individual localized area in the surface must be loaded 
many times without suffering damage by wear. 

Archard’s treatment clearly requires modification to allow 
for the fact that the wear process may involve several stages 
and in a recent theory by Rightmire?®) the wear process 
studied by Kerridge has been examined. In Kerridge’s 
experiment the wear of a soft tool steel pin loaded against a 
hardened tool steel ring was studied. The wear process 
comprised three stages, transfer from pin to ring, oxidation 
of the transferred material, and rubbing-off of the oxide to 
form a loose wear product. Rightmire was able to formulate 
by statistical methods an expression for the rate of removal 
of the layer as oxide, assuming that this occurred by a suc- 
cession of small stages. The numerical constants in his 
expression were determined from the experimental trans- 
fer/time curve and the diameter of the wear particles could 
then be predicted to be about fifty angstr6m units; this value 
was in accord with his estimates of the thickness of oxide 
film which would grow in the intervals between its: removal 
as wear particles. It is to be expected, as more becomes 
known about the sizes and distribution of the individual 
areas of true contact between loaded surfaces, that the use of 
statistical methods will be extended and that theories of the 
collision processes will be developed analogous to those of 
collision processes in other conditions. The predominant 
problem remaining, and one which a complete theory will 
have to solve, is to account for the absolute magnitude of 
the wear rate. All existing theories of wear merely relate the 
number of collisions to the rate of wear. Some additional 
physical postulates concerning the difference in nature 
between the collisions which do and those which do not 
produce a wear particle now need to be introduced. 


DISCUSSION 


Although the experiments and results referred to above 
provide only a mere outline of wear phenomena, they never- 
theless appear to the author to provide a basis from which a 
fundamental background to the subject can be developed. 
The crossed cylinders wear apparatus provides a method of 
maintaining point contact conditions despite wear, and enables 
protracted experiment to be made under conditions of con- 
stant stress. It thus combines the precision and control 
required in a fundamental experiment with the facility to 
operate with the speeds and loadings used in machinery. 
This apparatus appears to offer a better means than has 
existed previously for determining the phenomena of wear 
quantitatively in relation to the speed, temperature, load, 
stress and material properties, and for determining which of 
these, or other variables are to be regarded as independent. 

The disk machine, although originally devised as a practical 
test for examining the behaviour of gear materials, has also 
proved suitable for fundamental work. It provides an 
excellent experimental method for studying the fundamentals 
of hydrodynamic lubrication in thin film conditions, and 
Dr. Crook’s work indicates that it will be possible to develop 
a very complete picture of the phenomena which occur in 
these conditions. His work needs, however, to be extended 
to include other oils with different pressure viscosity relation- 
ship and metals of varying resistance to deformation. 

The studies of unlubricated wear show that in certain 
conditions the rules of wear are extremely simple, i.e. the 
wear rate is independent of the apparent area of contact 
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and is directly proportional to the load. It is also possible 
to study the mechanisms of wear in detail and preliminary 
attempts have been made to develop theories of wear. The 
next experimental objective appears to be to investigate 
systematically over a wide range of load, speed and tem- 
perature, and in different atmospheres, the wear charac- 
teristics of materials. This should show the main phenomena 
of wear, and it is to be hoped that it would also show the 
manner in which wear rates depend upon the properties of 
the rubbing materials. Theoretically, the important problem 
is to find how to predict the absolute magnitude of a wear 


rate. 
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ORIGINAL CONTRIBUTIONS 


The geometry of twisted 


By G. J. STANSFIELD, Dunlop 


multi-flament structures 
Cotton Mills Ltd., Rochdale 


[Paper first received 27 September, and in final form 5 November, 1957] 


A self-consistent geometry of cords made from mu 


Iti-filament yarns is derived from the assumption 


that all filaments in a cord follow an epihelical path. This path is defined mathematically using 


a definition of ply twist not considered before, 
developed by previous workers. Formulae for c 


which leads to simpler formulae than those 
hanges in ply length, ply twist and cord length 


on cording are derived which enable the retraction of cords and yarns on twisting to be predicted 


accurately. An experimental method of cord 
enables a simple experimental verification 


LIST OF PRINCIPAL SYMBOLS 


%, yarn constant, proportional to yarn radius. 

a, cord radius. 

b, ply or yarn radius. 

n, ply twist. 
n, Ss, ply or yarn twist. 

$, initial yarn twist. 
___N, cord twist. 
‘n» Ps» Ply or yarn retracted length per unit untwisted yarn 
length. 

P, cord retracted length per unit untwisted ply length. 

cord folding angle. 
radius of filament helix. 
angular position of ply axis. 
, angular position of filament with respect to ply axis. 

o, filament length. 

A, ply axis length. 

z, cord axis length. 

vs, angle between filament and ply axis. 

y, initial parameter of epihelix. 
_— y, untwisted yarn length: 
_large proportion of industrial textiles is used as reinforce- 
ent material for rubber and plastics. These textiles are 
cincipally used in cord form, these cords consisting of two 
¢ more twisted plies twisted together. In the study of 
coperties of textile cords such as strength, elongation and 
iodulus it is necessary first to establish a system of co- 
‘dinates which will enable the geometrical form of the 
yds to be characterized unambiguously. This paper 
‘tablishes such a system of co-ordinates for multi-ply multi- 
ament cords, whose number of filaments (greater than 400) 
>r ply is much greater than the number of plies (two to five). 
It should be noted that this geometry applies only to 
‘stems which may be described as bundles of continuous 
rings, a string being defined as a body capable only of 
istaining a tensile force and not a torsional or flexural 
yuple. The theory probably does not apply exactly to a 
‘stem of corded monofilament rubber, -for example. 

The differential geometry of the non-uniform simple helix 
id epihelix is first discussed in this paper and the equations 
stained are then applied to derive relations between the 
ngths and twists of cords and their plies using an idealized 
odel of a cord, in which it is assumed that the filaments 
llow epihelical paths. Experiments on the retraction of 
yon tyre cords are described and it is shown that their 
sults support the formulae derived from the mathematical 
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twisting (simple twisting) is described which 
of this theory of twist to be carried out. 


model. It is concluded that this model represents the 
materials considered, within close limits. 

It is first necessary to define precisely the meaning of twist 
in a ply of a multi-ply cord. This definition must (a) conform 
with intuitive ideas concerning twist in yarns, (6) lead to 
mathematically consistent formulae and (c) lead to experi- 
mentally correct formulae. Intuitively the idea of twist for 
a continuous filament yarn may be obtained by considering 
an ordinary twist tester. In this instrument a measured 
length of twisted yarn is fastened between a rotatable clamp 
and a movable carriage, the carriage being loaded to secure 
a uniform tension in the yarn. The yarn is now untwisted 
by rotating the clamp until the filaments in the yarn are 
parallel to each other. The number of revolutions necessary 
to untwist the yarn is then taken to be the turns of twist in 
the yarn and the “‘twist’’ is defined as the number of turns 
of twist per unit twisted length of yarn. 

This intuitive definition of twist in a single yarn leads to 
the mathematical one. Consider one filament in a yarn, 
RPO (Fig. 1), then each point on the filament can be fixed 
by the length of EP and the angle which EP, perpendicular 


Fig. 1. A simple helix 


to the yarn axis OO’, makes with an initial line OR in the 
Oxy plane. 

If € is the angle between OR and EP, then the filament 
would have made €/27 revolutions between O and E. If A 
is the length of the yarn axis between O and E the twist of 
the yarn is (1/27) (€/A). This is the mean yarn twist between 
Oand E. The twist at a point may be defined as (1/27)(dE/dA). 
It is now necessary to extend this concept to a yarn, the axis 
of which is twisted into a helix, that is, a yarn made into the 
ply of a cord. 

In Fig. 2(a), CC’ is the axis of a cord ply, the cord axis of 
which is OO’. The filament RP is twisted round the ply 
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axis CC’ which is itself twisted round the cord axis OO’. 
If OO’ = z and O’C’ makes an angle ¢ with OC, then the 
cord twist may be defined by analogy with the yarn twist as 
(1/27) (db/dz). The ply twist is now defined as (1/27) (dé/dA) 
where A is the length of the ply axis from C to C’ and € is 
the angle through which the radius vector generating the 
filament rotates between C’P and CR. 


Zh 


transverse 


eo 


epihelix (filament path) 
—primary axis (Cord axis) 


secondary axis (ply axis, 
a simple helix) 


(6) 


Fig. 2. (a) An epihelix. (6) Model used to illustrate 


the definition of ply twist 


The above definition of cord twist agrees with those 
previously adopted by Woods, Treloar® and others, but 
the ply twist definition does not. It has been customary to 
define ply twist in terms of the tortuosity of the ply axis and 
the torsion in the ply. This is equivalent to defining the ply 
twist as (1/27) (d&/dA) where € is the angle turned through 
by a vector perpendicular to the ply axis and passing through 
the filament as that vector passes along the ply axis from C 
to C’. It will be seen from Fig. 2 that the vector used for 
defining ply twist in this paper is perpendicular to the cord 
axis and not the ply axis. A simple model may be constructed 
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to illustrate the position of the plane containing the radius 
vector generating the path of a filament. 

Two bundles of braided spindle band were prepared, each 
containing several strings. Each bundle was then twisted 
separately in the same direction and the same amount, A 
circle was then marked round one of the bundles in a plane 
perpendicular to the axis of the bundle. Finally the two 
bundles were twisted together to make a cord. The result 
of these operations is shown in Fig. 2(d). 

It can be seen that the circle of section remained approxi- 
mately perpendicular to the cord axis and not the ply axis 
throughout the cording operation. This suggests that the 
path of the filament should be described by vectors rotating 
in a plane perpendicular to the cord axis (the transverse 
plane) and not the ply axis. . 

Imagine any cord crossed by two transverse planes a 
distance Sz apart. Let the length of ply axis of any ply 
intercepted between these planes be 5A and let the untwisted 
length of yarn in the ply intercepted between these two 
planes be dy. 

Then (6z/dy), (OA/dy) both exist as. the planes move 
together and ultimately coincide. Hence we define the 
following parameters of the cord at that transverse plane. 


P = dz/dy the cord retracted length 
Pn = dA/dy the ply retracted length 


| 
n = (1/2m)(dé/dd) N = (1/2m)(dd/dz) the ply and | q) 
cord twists | 
| 
| 
J 


and @ the folding angle, which is the angle between 
the ply axis and the cord axis at that transverse plane. 


THE SIMPLE NON-UNIFORM HELIX 


This helix is generated by a rotating vector of length a 
advancing along the Oz axis rotating at a rate dd/dz which 
need not necessarily be constant. At any transverse plane 
on the Oz axis (that is, any plane parallel to the Oxy plane) 
the helix makes an angle 0 with the Oz axis. 

Imagine two transverse planes 6z apart along the Oz axis 
and an arcual length 6A apart along the helix itself. We 
then have a differential triangle ABC (Fig. 1) in the surface 
of the cylinder on which the helix is drawn where CB = add, 
AB = 6z, AC = 6A and angle CAB = 8. So _ 
tan 0 = ait sin\G. = KE COS = a 


dX dy 2 


THE NON-UNIFORM EPIHELIX 


Having defined the simple non-uniform helix above and 
derived the geometrical properties of it necessary to the — 
discussion in this paper, the curve which is postulated to be 
the path of a filament in a multi-filament structure is now 
studied. It has been suggested that the curve be called a 
non-uniform epihelix. 

The epihelix is generated by a vector of length r which, 
whilst remaining throughout in a plane parallel to the Oyz 
plane, rotates about a point, the locus of which is a simple 
non-uniform helix with the properties discussed above. | 

In any transverse plane the parametric equations of the 
epihelix are: 

x =acos¢+rcos(y — é) 


y=asing +rsin(y — £) 
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Where ¢, € are the angles made by the simple helix vector 
ind the epihelix vector with the Ox axis and y is the initial 
‘alue of € at z = 0 (¢ and € are measured in opposite senses). 
f o is an arcual length measured along the epihelix 
eS): va fey’ 

dX (« an)" (5 dd 


— ral - cos (@ + € — y)+ (aN 


Hence substituting relations (2) 


do, 2 
MG) -1+ (64) 
dr} \ dx 
As y varies from 0-27 this equation gives the value of 
da/dA)? at the transverse plane for the family of epihelices 
yhich pass through the circumference of a circle of radius r, 


ae centre of the circle being on the simple helix. 
- Hence the mean value of (da/dX)? for all such epihelices is: 


1 + [r(dé/da)]? (4) 


' Since the mean value of cos (6 + € — y), as y varies from 
—27, is zero [see Appendix (iii)]. 


21 


— 2ar at in 00s (6+ €—y) @) 


MODEL. OF A -CORD 


A cord is assumed to consist of plies, the axes of which 
escribe helices about the cord axis whose filaments describe 
pihelices about the ply axes. 

The following further assumptions are made: 


(i) the ‘‘m’’ filaments are distributed uniformly across the 
cross-section of a ply, that is, the number of filaments 
crossing unit cross-section of the ply is the same for 
all parts of that cross-section; 

_ (ii) the parameters of each epihelix described by a filament, 

ie. d/dz and d&/dA are the same; 

(iii) the ply retracted length p, is a mean* of the com- 

| ponents of length along the ply axis per unit ply axis 

length of all the filaments. 


' We can on these assumptions obtain a relation between p,, 
ie ply retracted length, and n, the ply twist. 
' Consider a transverse plane of a cord and an annulus of 
1e ply, drawn in that plane, of radius r (less than the ply 
idius) and thickness dr. This annulus contains 2amrdr/7b* 
laments [by assumption (1)] and since, by assumption (2), 
ie twists of all the filaments is then the same for the filaments 
\ this annulus, the mean value of (da/dA)? = 1 + 47?n?r? by 
efinitions (1) and formula (4). 

Hence a mean value* of dA/do for these filaments is 
In/( + 427?n?r?). 
_ Hence a mean value* of dA/de for all the filaments in the ply 


1 [ 2mrdr 
mo b*x/(1 + 427?n?r?) 


ad by assumption (3) 


Gaal {Vl + Qanby’] — If 


jax 2 | 
= ss 1 -+ (Qanb)?] — 1 (5 
pn ~ (35) pepe CoP Ue 82) 
averting this equation and writing « = 27b we get 
an = (2/p,)+/(1 — Pn) . (5d) 


* This mean value is not an arithmetic mean—see Appendix (i). 
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This equation gives the relation between p,, and n involving 
only one experimental constant, «, which is proportional to 
ply radius. 

Also from definitions (1) and relations (2) 


tan 0 = 27aN (6) 
P= py COSU, (7) 


These three last equations are the fundamental geometrical 
relations for a cord and are applicable at any transverse plane 
of the cord even though the cord be irregular. 


and 


TWIST CHANGES DURING CORDING 


Consider two yarns each having s turns of twist per unit 
length lying parallel to each other and fixed rigidly together 
at each end. Let one end of this combination be fixed and 
the other end rotated about an axis mid-way between the 
yarns. Consider two transverse planes 6z apart in the cord. 

Fig. 3 shows one of the transverse planes, cord axis O, 
ply axis C, and filament P where OX is a line parallel to the 


Figis3: 


A transverse plane 


Ox axis. For the process of twisting decribed above (which 
we call compound cord twisting) the angle OC; P is unchanged 
during the twisting. It follows that since C,P, OC, make 
angles ¢, € — y with the Ox axis, where € is measured in 
the opposite direction to ¢, then d + € — y =c where c 
is a constant independent of the cord twist for a compound 
twisting operation. 
By the definition of 1, p,, N and P [equations (1)] 


1 /d€ 29) 
| u= i 
Cena 2a ; Oy 
Differentiating with respect to cord twist, NV 


eae ee eae 
2m ON\Ody dy Im dp\ON | ON 


> ‘ 
+ NP) = 


[see Appendix (ii)]. 
But ¢ + € is independent of cord twist for compound twisting. 
(0/ON)(npy, ae NP) = 0 


So np, + NP is independent of cord twist. 
Now, since n = s and p, = ps; at N = 0 then 


NPn + NP = SPs (8) 


for compound cord twisting. 
BRITISH JOURNAL OF APPLIED PHYSICS 


Hence 


G. J. Stansfield 


Therefore, the axial component of filament length at radius _ 


The calculation of ply length and ply twist at any cord 
twist can be done as follows: equation (5b) gives 
an =.(2/p,/U — pr) 
Therefore 1 — p, = 4a*n?p2 
but from equation (8) 
on? p2 = a*(sp, — NP)* . 
Therefore Pn = 1 — 402(sp, — NP)? (9) 


which enables the ply retracted length p, to be calculated 
from experimental data on cord retraction. 

The ply twist can now be calculated using equation (8) in 
the form: 


n = (2/op,)/ = pn) (10) 
Further, equation (7) gives 
ye == sec 0 
So, using equation (9) 
sec 0 = (1/P)(1 — 4a?[sp, — NP]?) (11) 


So the folding angle can be calculated from retraction data. 


CORD RETRACTION EQUATION 
By equation (11) 


P sec 6 = 1 — 40*(sp, — NP)? 
but since 


2 2 
av = Padees ek =p) OF A 4 402572 =p, 


then 


P sec @ = p, + 402sp,NP — ta?N2P? (12) 


Arranging as a quadratic equation and solving for P, 


te 


pe 2 sec 0 — a*sp,.N 4a°N 7p, 


aN (2 sec 0 — a2sp,N) 
(13) 
which may be written 
2ps 2aNv/ ps ) (14) 
~ 2sec 0 — o2sp,N- \2sec 0 — x7 Sp, N 


where 


EGO 


THE RETRACTION OF A SINGLE YARN 


The retracted length p, of a ply of twist ” in a cord is 
given by an = (2/p,)\/(1 — p,) [equation (5b)] and, since a 
yarn may be regarded as a cord with zero cord twist, this 
equation gives the relation between the retracted length of a 
yarn and the yarn twist. Equation (5b) may, ma ee be 
derived separately for a yarn.©) 

We assume that the filaments are arranged in simple 
helices about the axis of the yarn and that the retracted 
length of the yarn is the mean axial component of the filament 
length per unit filament length. For a filament tracing a 
helix of radius r, if the filament is of length o in a yarn of 
length /, then axial component of filament length equals 
a cos % where % is the angle the filament makes with the 
yarn axis. Also tan % = 2znr as in equation (3). 


So cos & = (1 + 472n?r?)-4 
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ris o(1 + 472n2r?)~4. In an annulus of the yarn cross-section 
of radius r and thickness dr there are 2arrdrm| ab? filaments 
if mis the number of filaments in the yarn and b is the radius 
of the yarn. 
Therefore, mean axial component of filament length per 
unit filament length 
1 


b2 Jo 
Qn ate [1 + @nnby'] — 1 


Writing 2b = « and re-arranging. 
an = (2/pn\/(1 — pn) as in equation (5). 


=p, = 2[1 + Qznr)?|~?rdr 


So Pn = 


EXPERIMENTAL WORK 


In this experimental work we are assuming that the yarns — 


and cords involved are uniform. 


(a) Yarn retraction. Using the apparatus 
diagrammatically in Fig. 4, an untwisted yarn was attached 
at one end to one of the rotatable clamps B and at the other 
end to the carriage A, the yarn being tensioned by a weight 


~ fF 


Fig. 4. Apparatus for the measurement of yarn and 
cord retraction 


illustrated ; 


\ 


of about 50 g. The yarn length could be read off on a scale 
parallel to the yarn and the number of turns of twist inserted, 
on a counter coupled to shaft D. 


About 180 in. of 1650 denier continuous filament rayon 
yarn was given various twists up to about 15 turns/in. and 
the retracted length p, of the yarn was measured for 


each value of the twist nm. A graph was then plotted of 


ad [Pr — Py) against n for each yarn and the results are 
shown in Fig. 5. 


(1/p,) {(1-P) 


Yarn twist n (turns/in.) 
Graph of (1/p,)\/(1 — p,) against yarn twist 7 
VoL. 9, APRIL 1958 


‘ 


Fig. 5. 


: 


The geometry of twisted multi-filament structures 


The graph is a straight line through the origin, showing 
it the relation between p, and n is of the form on = 
PrV (1 — pp) where «/2 is the gradient of the line. Using 
» value of « obtained above and equation (Sa) the graph of 
z. 6 was drawn showing the theoretical retraction curve 
d the experimental points. Good agreement is shown 
tween the theoretical curves and the practical points. 


: 00 


O95 


Ke) 
Yarn twist n (turns [in) 


fs) 


Fig. 6. Retracted length curve for 1650 denier rayon 
yarn 
| O, experimental points; ——,, theoretical curve. 

(b) Cord retraction. From a cord retraction experiment 
= quantities which can be measured are: s, the yarn singles 
ist before cord twisting; p,, the retracted yarn length before 
rd twisting; «, the yarn constant; N, the cord twist; 
id P, the cord retracted length. 

Using equation (11) sec? = (1/P)[1 — 4«*/(sp, — NP)?*], 
van be calculated from the retraction data for all values of 
sand P. A graph of tan @ against N can, therefore, be 
otted. Such a graph for a 2/1650 rayon cord is shown in 
Be7. 


5 
twist N (turns / in.) 


lO IS 


Cord 
Fig. 7. Graph of tan (folding angle) against cord twist, 
for compound cord twisting 
-—-, continuation of the linear portion of the experimental 
results. 
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But tan @ = 27aN by equation (3). Since the graph of 
tan 6 against N is not a straight line the ratio tan 0/N is not 
constant for all N, that is, the cord radius a varies during the 
cording operation. 

However, since the graph of tan 6 against N is linear after 
about N = 2-3 turns/in. a straight line can be fitted to the 
points of the experimental graph. The result of calculating 
the cord retracted length for a range of N from 0-15 turns/in., 
using the cord retraction equation (14) with « obtained from 
a preliminary yarn retraction experiment and @, as obtained 
from the tan @ versus N graph as above, is shown in Fig. 8. 
It can be seen that the theoretical curve gives a good fit to 
the experimental points. 


0-95 
a ox 
50-90 
Cc 
vw 
= 
vu O85 
o 
a 
hes 
me) 
5 O80 
U 

O-75 

O 
Cord twist N (turns /in) 
Fig. 8. Graph of cord retracted length against cord 
twist 

©, experimental points ; ——,, theoretical curve. 


VARIATION OF CORD RADIUS, @ WITH TWIST 


In the preceding section it is shown that the cord radius a 
varies with twist. It is interesting to enquire whether the 
radius depends upon the ply twist, the cord twist or a com- 
bination of the two. An experiment was therefore designed 
in which the cord twist could be varied without varying the 
ply twist. 


Simple cord twisting. A cord AE has one end A fixed on 
a carriage which can move in the direction AD (Fig. 4). The 
ends B, B’ of the yarns constituting the cord are attached to 
two yarn clamps B and B’, which are geared to an axle D 
through a twisting head C in such a manner that the end of 
the cord at B B’ can be rotated about the axis 4D without 
rotation of the yarn clamps B B’ about their own axes. This 
manner of twisting a cord is called simple twisting in contrast 
to the usual (twist tester) method, which may be called 
compound twisting. 

If we consider any transverse plane of a cord which is 
being simply twisted, then (see Fig. 3) the angle between the 
direction C,P and a fixed line OX is constant throughout the 
twisting where C; is the ply axis, P any filament and O the 
cord axis. 

It follows that for simple twisting € — y is independent of 
the cord twist V. Hence at any transverse plane (1/277)(dé/dy) 
is independent of N since y, the untwisted length of the yarn 
in the ply, is also independent of N. Hence the product 
npn = (1/27)(dé/dy) is independent of the cord twist N for 
simple twisting. 
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Now at any transverse plane in the cord 


Pn = 1 — 4a?n*p2 from equation (5d) 


So since np, is independent of N, so also is p, and hence 7. 
We may therefore state: 


“if the ply radius parameter «(= 27) is constant for all 
forms of cord twisting, then both the ply retracted length p,, 
and the ply twist n, of a cord are independent of the cord 
twist N for simple twisting.” (15) 


Experimentally it is impossible to twist a cord in a simple 
manner because this operation involves the sliding of one 
ply over another throughout the length of the cord during 
the simple twisting operation, and this sliding is prevented by 
inter-ply friction. It is, however, possible to untwist a cord 
simply. 

The procedure is to make a cord in the ordinary manner 
and connect it to the apparatus in Fig. 4. About a hundred 
turns of cord twist, say, are simply removed from the cord 
and then the twist is evened out along the cord by untwisting 
the whole cord in a compound manner and re-twisting it to 
restore the cord twist as it was immediately after the simple 
untwisting. The length of the cord L, and the cord twist N 
for various values of N are found in this manner. 

If y is the untwisted length of the yarn from which the 
cord was made, then P = L/y at all points in the cord if 
we assume the cord was twisted uniformly. 

So from equations (6) and (7) 


/ (073/17) — 1] = 20aN G9) 


For simple twisting, if the statement (15) is true, then yp, 
is constant for all N and is the length of the cord when it is 
completely untwisted simply. 


O'6 


fe) 5 IO I5 
Cord twist N (turns fin) 


Fig. 9. Graph of tan (folding angle) against cord twist 
for simple cord twisting 


A graph: of tan @ = 4/[y?p2/L?) — 1] against N for a 
2/1650 denier rayon cord is shown in Fig. 9. Since this 
graph tsa straight line through the origin we may conclude 
that (i) a@ the cord radius is ‘constant for simple twisting, and 
(ii) p, the ply retracted length is constant for simple twisting. 
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This corroborates the deductions and assumption jr 
statement (15). 


CONCLUSIONS 


(1) The model of a cord proposed in this paper yields < 
set of self-consistent formulae for cord retraction. 

(2) A definition of ply twist is proposed which is consisten’ 
with the model and enables the mathematics to be considerably 
simplified. 

(3) An alternative cord twisting process (simple twisting) i: 
defined, which yields simpler formulae than those for com. 
pound twisting and which facilitates experimental study 0} 
the structure of a yarn in a cord. 

(4) The formulae developed are a good fit to the experi 
mental data of yarn retraction and the cord retraction fo) 
both simple and compound twisting. | 
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APPENDIX 


(i) The mean of dA/do 


In the derivation of the formula on = 2/p,,/1 — Pa 
having defined the cord model such that p,(=dz/dA) is - 
mean value of dA/do, it is necessary to enquire as to th 
meaning of “‘a mean’ in this connexion. | 

To obtain the relation (4) we show that the mean of (da/dA) 
in an annulus of radius r of the ply is 1 + [r(d&/dA)P = 
1 + 40r2n?r?. | 

Hence a mean value of dA/do = (1 + 42?n?r?)-3. This 
mean value is the root mean harmonic square defined by th 
equation: 


1 1 
rms. of x3... — 1) (! a 
1X2X3 x / ne 


This method of estimating a mean of dX/do cannot b 
justified mathematically, beyond the definition, and the 
question as to its appropriateness depends upon the experi 
mental applicability or otherwise of the final result. 


(ii) The proof of np, + NP = sp, 
In this proof we assert that 


z se pot) ae N64, ef) 7 

ON \dy dy dw \dN | IN Ay 
and this is true providing (d€/dy) + (0P/dy) is not zeré 
throughout the range considered (for compound twisting) 
Since (0&/dy) + (0¢/d¥) = 2x(NP + np,) equation (17) i 
true providing NP + np, is not zero for all N. But at N=0 
"Pn = SPs, 80 NP + np, can only be zero at N = 0 if § =0 
in which case the cord would no longer exist in the geometrica 
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rm postulated, and so the case of S = 0 is excluded from 
le discussion. 


(iti) Note on equation (4) 


The mathematics from which this equation is derived 
epend upon the epihelix having a constant secondary 


generating vector r. In practice, since the ply cross-section 
is slightly elliptical r is not strictly constant. However, if 
this proof is written with r varying as the radius vector of 
an ellipse, then the eccentricity terms occur only in products 
with sin (6 + € — y) and sin(@ + € + y), and so are elimin- 
ated during the averaging process. 


Beam temperature, discharge lag and target biasing 
in some television pick-up tubes 


By B. MELTZER, B.Sc., Ph.D., F.Inst.P., Department of Engineering, University of Edinburgh, and 
P. L. Howmes, B.Sc., Research Laboratories of Electric and Musical Industries Ltd., Hayes, Middlesex 


[Paper first received 2 September, and in final form 30 October, 1957] 


Discharge lag in pick-up tubes, particularly of modern cathode-potential-stabilized type, and its 
relation to the acceptance of the electron beam by the target are analysed. Measurements of 
beam acceptance as a function of target potential reveal effective beam temperatures substantially 
equal to cathode temperature at low beam currents, but higher and multi-valued at high currents. 
These temperatures set a limit to the possible reduction of lag without target biasing; this 


limiting lag, referred to as Maxwellian lag, is calculated and presented graphically. 


Direct 


measurements of lag are compared with the limiting values. Target biasing, the application of a 


small positive potential to the target face, reduces this limitation. 


Results of electron-optical 


measurements, throwing some light on the anomalous beam temperatures, are presented. 


*he requirement that a teleyision picture should be reproduced 
ccurately in time as well as in space imposes limitations on 
amera tube design. In a perfect camera tube of the full- 
torage type, ideally the output signal should depend solely 
m the illumination during the previous frame. However, in 
yractice this is not the case, and a bright image takes some 
ime to build up or to decay. Decay lag is usually longer than 
yuild-up lag and is more objectionable in normal television 
wactice, as a moving bright object will leave a characteristic 
rail behind it. However, the lag effect has been put to use 
n some storage tubes.“ 

_ Lag may arise from several causes—e.g. delayed photo- 
‘onductive effect,“ dielectric hysteresis, or ‘burn-in’ as in 
he image orthicon.% These effects may be circumvented, 
yut the form of lag investigated in this paper, which has been 
“iven the name “discharge lag,” is inherent in the mechanism 
of charge-restoration by a low-energy electron beam, a type 
yf scanning employed in all modern camera tubes. It is, in 
act, dependent on the energy-spread of electrons in the 
yeam; a factor which is not altogether under control. During 
in investigation aimed at producing improved camera 
ubes,@:® measurements of the acceptance of a low-energy 
neam by a target at varying potentials were made, and hence 
sxpected values of lag were calculated and compared with 
measured values. 


BEAM ACCEPTANCE AND BEAM TEMPERATURE 


] During the operation of a cathode-potential stabilized 
‘elevision camera tube, the potential of the target is always 
vithin a few volts of that of the cathode of the electron-gun. 
‘n order to measure the amount of beam actually accepted by 
he target of a tube, special tubes were made similar to the 
C.P.S. Emitron (type 5954), but with the photoemissive 
mosaic replaced by a continuous film, usually of gold. 
?hotoemissive layers give identical measurements at low 
energies (< 2eV). The current accepted by this film was 
measured as a function of the potential difference between 
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film and gun cathode with the tube in the normal operating 
condition for use as a camera tube. A preliminary experi- 
ment had shown that if the tube controls were set to pre- 
determined average values, and then adjusted slightly to 
maximize accepted beam, the beam was then correctly 
focused on the target and alined perpendicularly to it. 

Twenty-nine curves were obtained on nine tubes. The 
factors varied were: beam current (controlled by the modu- 
lator electrode), a.c. or d.c. heater current (for possible 
magnetic effects), size of limiter aperture, limiter anode 
potential, gun type, strength of focusing magnetic field, 
target material, and gun alinement. 
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Fig. 1. 
curve. 


The three main regions of a beam acceptance 
Exponential region, A. Linear region, B. 
Secondary emission region, C 


Fig. 1 shows a typical beam acceptance curve, and Fig. 2 
shows the lower-potential end with current plotted to a 
logarithmic scale. It will be noted that the curve in Fig. 1 
can be divided into three main regions—a linear region, 
which is modified at higher voltages by secondary emission 
and by saturation to give a second region, and, at low 
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energies, a third exponential region, which is best seen in 
Fig. 2: this exponential region is very important in the 
production of lag (see below). 


O 


Target current log,, I (A) 


a O 


[OS 
Target potential V (V) 


Fig. 2. Exponential region of beam acceptance curve 
plotted on logarithmic scale 


Exponential region. Here I = Iy exp (aV), where Ip is a 
constant and 2-303a is the slope of the linear portion of the 
log,o/ against V curve. This resembles the Maxwellian law, 
I = I) exp (eV/k@), for an electron gas, where —e is the 
electron charge, k is Boltzmann’s constant and 6 the absolute 
temperature. We may say that the beam temperature is: 
6 = e/ka = 11600/a (V in volts). Fig. 3 shows 0 against Ip, 
where J, is the maximum current of the beam acceptance 
curve and is an approximate measure of the total current in 
the beam; its value is less because of secondary emission, but 
it gives a useful measure for the present purpose. 
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x 
oO 
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= 
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DB © Te) 20 30 
Beam current Ig (iA) 
Fig. 3. Beam temperature against beam current 
O, Tube G.20. Standard gun (0-002 in. diameter limiter) 
O, Tube G.20. d.c. heater 
A, Tube G.20. Beam misalined 
e, Tube G.20. Modulator positive 
+, Tube G.20. Limiter potential = 5, focus field normal 
@, Tube G.20. Limiter potential ~ 5, focus field + 3 
©, Tube G.21. Standard-type gun with 0-017 in. diameter 
limiter 
®, Tube H.36. Wehnelt gun 
x, Tube H.37. Wehnelt gun 
A, Tube G.29. Standard gun, photoemissive-layer target 


At low beam currents, for all guns of the two types used, 
@ approaches cathode temperature, which is estimated from 
pyrometer measurements to be approximately 1100° K in 
all cases. At higher beam currents, the beam temperature 
increases. Surprisingly, the points for the standard gun and 
a very different gun employing a Wehnelt cylinder (see Fig. 3) 
lie on the same line. Some points are, however, anomalous, 
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and it is evident that beam current is not the only important 
parameter. The points with modulator positive and with 
large limiter hole appear less anomalous when 6 is plotted 
against modulator potential (Fig. 4). It is possible that the 
important factor is the space-charge density near the cathode 
and target. 
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Fig. 4. Beam temperature against modulator potential 


©, Primary exponential region (standard tube G.20) 

e, Secondary exponential region (G.20) 

x, Primary exponential region (tube G.21: large diameter 
limiter) : 


Secondary exponential region. When Ip > 4A, another 
exponential region corresponding to a higher temperature 
arises at the lower end of the curve. Fig. 5 shows this 
phenomenon in well-developed form. The corresponding 
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Fig. 5. Beam acceptance curve with two exponential 
regions (Ip = 24-3 yA) 


secondary beam temperatures as well as the primary ones are 
plotted for a particular standard gun in Fig. 4, not against Jp, 
but against gun modulator potential V,,,,7: and it is notable 
that both secondary and primary beam temperatures appear 
to tend to the temperature of the thermionic cathode as the 
beam current is decreased towards zero. The cause of large 
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d dual beam temperatures is not known, but the pheno- 
‘non has been met in diodes and may be caused by space- 
irge oscillations near the cathode or target. 

Linear region. Above the exponential region, a linear 
‘ion follows at once without discontinuity of slope. It 
1 be shown on plausible assumptions (see Meltzer) that 
» exponential law J = Ip exp (eV/k6) would be expected to 
ld for V<0, and be followed by a linear region 
=I) + (ev/k®)] when V > 0, where V is the potential 
the target minus V,, the contact potential of the target 
hh respect to cathode. For both portions of the curve, 
en V = 0, I = Ip and (dl/dV) = Ipe/k0, so the curve and 
slope are continuous, agreeing with observation. As a 
t of this law, the slopes of the straight portions of the 
yonential and linear plots were determined, giving e/k6 
1 Ipe/k@ and hence Ip. The intercepts of these two lines 
the potential axis then gave two values of V,. This test 
s applied to six curves, and in no case did the two values 
‘er by more than 3% (0-06 V). Beyond the linear region 
curve depends on the electron optics of the system and on 
ondary emission. 


DISCHARGE LAG 


n a cathode-potential-stabilized television camera tube, 
der steady illumination an equilibrium state is reached in 
ich the target is restored to the same potential after every 
n. For moving scenes, if the scanning beam restored the 
get to exactly the same potential whatever the light 
ensity, the signal would depend on the light incident 
cing the preceding frame period only. This is not the case 
practice, however, and an image takes some time to build 
or decay. 
[he potential excursion. during a frame period is fixed by 
light intensity, being equal to the product of light flux 
1 photosensitivity divided by target capacity. The com- 
aent beam-electrons do not all have the same speed normal 
the target, owing to their initial emission energy and the 
iverging action of the electron gun, so the target accepts 
re current at higher potentials than at lower; for steady 
mination the restoration potential is then determined by 
requirement that in equilibrium the charge accepted 
‘ing a scan must equal the photoelectric charge stored 
‘ing a frame.* If the light is now removed, the successive 
‘ay lag signals produced in successive frame periods may 
found from the restoration potential and the beam 
eptance characteristic. 
\ complete treatment of target-discharge would be com- 
sated, involving the distribution of beam density over the 
t, overlap of adjacent scan-lines, interlace and inter- 
ment capacity. It will be assumed that the spot discharges 
points, on the centre of lines or midway between lines, 
h the same efficiency, a condition known as “‘flat field’’— 
Zworykin.” The beam then discharges an elementary 
a A’ as though the whole beam were concentrated on it 
time 7’ = TA’/A, where T is the frame period and A the 
nned area of the target. With sequential scanning, all 
shbouring points in a uniformly illuminated region have 
same potential, unless the beam is close by. The target 
n resembles a parallel plate condenser, and the capacity 


Lateral leakage on the target is negligible if the picture- 
nition is good. Any continuous spray of charge on to the 
et (e.g. ion spot) may be treated in its effect on lag as though 
to a light source superposed on the viewed scene. The possi- 
y of leakage through the target to the opposite face will be 
sidered later. 


‘oL. 9, APRIL 1958 141 


Beam temperature, discharge lag and target biasing in some television pick-up tubes 


of the elementary area is C’ = CA’/A, where C is the capacity 
of the scanned area. While the element is being scanned, 
some neighbouring points will have higher potential and some 
lower, but this will tend to average out, and the potential of 
the element will still be supposed to be determined solely by 
its own charge and the capacity C’. 

If the current / accepted by the target is given as a function 
of its potential V by /(V) and, during scan, the element has 


potential V at time ¢, then ((V) = — C’(dV/dt). So 
V; ust 
dV Tse dv it ; 
| 1). C and | ore ene ) 
V, V2 


where V’,, V, are respectively the target potential before and 
after scanning and S, = V,; — V>._ Fig. 6 shows a typical 
reciprocal beam acceptance curve, a plot of 1// against V. 
The potential V, to which the target is restored may be found 
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Fig. 6. Calculation of lag from reciprocal beam 


acceptance curve 


for any potential swing S, from the condition that the area 
under the curve between V, and (V, + S,) is T/C. If the 
light is now removed immediately after a scan, successive 
lag signals S,; = V, — V3, etc., are found by marking off 
areas T/C to the left of V,. In Fig. 6, if S; = 0-5 V, then 
S, = 0-132, S; = 0-089, S,; = 0-07. The lag has fallen to 
noise level in three frame periods. If the light is removed at 
some instant between scans, the lag signals will be less: decay 
time is indeterminate to the extent of one frame period. 


MAXWELLIAN LAG 


In the C.P.S. Emitron, beam currents of at least a few 
microamperes are required for stable operation. The 
exponential region then extends to values of J sufficiently high 
for the area under the rest of the (1//) against V curve to be 
much less than 7/C (see Fig. 6). The exponential region also 
extends to currents so low that lag signals produced in the 
secondary exponential region are near or below the noise 
level of the amplifier (0-005 A) and are negligible, for beam 
currents normally used. The lag observed should therefore 
approach the value calculated on the assumption that the 
primary exponential law is obeyed at all values of V; this 
will be referred to as Maxwellian lag. The Maxwellian lag 
corresponding to cathode temperature is the lowest lag 
attainable in the sense that it does not seem possible to 
achieve a lower value by altering the electron-optical design 
of the gun. 
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From equation (1) 
(V2+$1) 
dv as Gi 
Ip exp (GV) C 
V2 


exp [—aV,] —exp [—a(V, + S,)] = aTlp/C (2) 
At the next scan, 
exp [—a(V, — S,)] —exp [—aV,] = aTI)/C (3) 
Hence, 
exp [aS,] = 2 —exp [—aS}] (4) 


The lag signal S, depends only on S, and the beam tem- 
perature and not on Jp or (7/C). When S, > 1 V, S; is close 
to the constant value: 6/16700 V. It follows that the lag 
signal of a bright object on a black background in the C.P.S. 
Emitron cannot be reduced below 0:06 V, or 1/70 of the 
tube’s peak signal. The curves of Figs. 7, and 8 show the 
Maxwellian lag for different beam temperatures. S/S, is 
plotted as this gives an indication of the visibility of decay 
lag on a black background. The same curves give $3/S) in 
terms of 5, etc. 


lO 


Log S2/S1 


O 
O-Ol 


0:02 O04 Ol O2 
Signal S) (V) logarithmic scale 


0-4 
Fig. 7. 


Direct lag measurements for 0-016 uF target 
tube superposed on Maxwellian lag curves 


O, Vnod = —13; @, Vinod = —32. 


DIRECT MEASUREMENT OF LAG 


A small neon lamp on a dark background is viewed by 
the camera-tube to be tested. A line-selector presents on a 
monitor a line passing through the image of the lamp. The 
lamp is automatically switched each time the line is scanned, 
so the line is illuminated only during alternate frames. Two 
traces corresponding to S, and S, appear on the monitor and 
are measured on the calibrated Y-shift. Noise causes diffi- 
culty in measuring the lower signals. The points on Fig. 7 
were obtained on a tube with high capacity (0:016 4.F) which 
produced a higher signal for given S;. The points on Fig. 8 
were obtained on a standard 0-001 jF target with the noise 
cut by reducing the bandwidth. At low values of S,, the 
agreement with the theoretical curves is good. At higher 
signals the lag is somewhat greater than expected. When 
the modulator is at —31 V, the beam current is abnormally 
low and the tube is close to instability; for large signals the 
area 7/C (see Fig. 6) may not then lie in the exponential 
region, and this would explain the high values of lag in this 
case. The lag is, however, nowhere less than the Maxwellian 
lag. 
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REDUCTION OF LAG BY TARGET BIASING © 


Lag is reduced when an object is moving on a background 
which is not completely black. The target potential cannot 
become more negative than the restoration potential under 
the background light, and the tube operates in the region 
where the Maxwellian lag is relatively low. It has been found 


ron O02 O4 0 2 4 (@) 
Signal $; (V) logarithmic scale 
Fig. 8. Direct lag measurements for 0-001 uF target 


tube superposed on Maxwellian lag curves 
©, Vmod = —13; x, Vinod = 22; ©, Vinod = — 31. 


possible to reduce substantially the lag on a black background 
by illuminating the mosaic from a small lamp in the camera, 
and subtracting the resulting uniform signal by means of the 
lift control.) The mosaic may also be biased by leakage 
from the signal plate if the target is of slightly conducting 
glass.” If the biasing produces potential swing v at the 
target, equation (2) is replaced by 


(aV>) 
and equation (3) by: 
S>)] exp [a(V, + v)] = aTI)/C, 


where S,, S> are the signals after subtraction of v in the lift. 


exp exp [—a(V2 + S, + v)] = aTIo/C 


exp [—a(V, 


Hence: 
exp (aS>) = 1 + [1 —exp (— aS})] exp ( —aV) (5) 


When v = 0, the lag for large signals is 0/16700 V. The 
table gives the corresponding value for various » when 
6 = 1160° K, expressed as a percentage of the value when 
Vis 

Dependence of lag on biasing 


» (volts) Greatest Sz 


The maximum bias which can be applied depends on 


(i) the finite stable working range of target potential, 
(ii) the uniformity with which the bias can be applied. It 
would be desirable to increase the target capacity so as to 


increase the amount of light the tube could handle (i.e. the — 
contrast range) without excessive excursions of target 
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ential ; S; would then be reduced for a given amount of 
t so the lag would be increased. The possibility thus 


ears of overcoming this increase in lag by means of 
et biasing. 


| 
‘THER CONSIDERATIONS ON BEAM ACCEPTANCE 
CURVES 


he anomalous beam temperatures are not understood, 
a few observations were made which probably have 
e bearing on them. Secondary exponential regions 
ear when the beam current is increased beyond 4 WA, 
‘S shown ‘in the lower curve of Fig. 9, which plots the 
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~ larget current logy I (pA) 
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O | 
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ig. 9. Limits of exponential regions at various beam 
| currents. Symbols as in Fig. 3 

ts of the primary and secondary exponential regions of 
‘beam acceptance curves. At Jp = 4A, too, there are 
s of a discontinuity in the upper curve (G.20 points). 
10 shows, as a function of modulator current, the target 
ntial at which the maximum occurs in the beam acceptance 
‘e. The latter may be taken as an indication of the 
imum lateral energy of beam-electrons, and here again 
© appears to be a discontinuity when Jz = 4 nA which 
esponds to a modulator potential of —31 V. 
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ig. 10. Potential corresponding to maximum current 
yn beam acceptance curve against modulator potential 


1 Fig. 1 there are signs of a subsidiary maximum just 
w2V. As the modulator potential approaches zero, a 
qite maximum develops and finally rivals the main 
imum. This suggests that the beam consists of two 
ips of electrons with different lateral energies. Con- 
ation was obtained by momentarily pulsing a gun, and 
wing the beam to pass through a field-free region on to 
storage mesh of a VCRX350.) The stored image was 
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then read off and examined at leisure. At the more positive 
modulator potentials, the beam consisted of a hollow shell, 
sometimes with a central spot, the two groups of electrons 
having different lateral energies. Fig. 11 shows tracings 
made from a line monitor of a line passing ree the 
centre of the pattern, for various modulator potentials V,,,,,. 
The maximum lateral energies V; are shown by the width 
of the spot; heights are arbitrary. Possibly the double 


Vmod=O Y.=37 Vmod271O V.=18 


Vinod =72O Vmod= - 20 Vmod = - 40 
Vv, =8 Ves VL = 2:5 
Fig. 11. Beam density profiles 


exponential regions arise through the two groups having 
different beam temperatures. Hollow beams may be pro- 
duced by spherical aberration in the gun (see Klemperer“) ; 
there is no convincing evidence that they arise from space- 
charge oscillations. 
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An electrical analogue method of predicting the permeability 


of unsaturated porous materials 
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The manner in which the permeability of unsaturated porous materials varies with moisture 
content has been investigated, using an electrical analogue technique. The hydraulic resistance 
of a water channel in the porous material has been represented by an electrical resistor, and the 
three dimensional network of channels by a corresponding three dimensional resistance network. 
With all the resistors in circuit the electrical resistance across opposite faces of the network is 
assumed to be inversely proportional to the saturated permeability. Empty channels are not 
effective in transporting liquid so that drying of the material is simulated by progressively 
removing resistors representing the largest of the remaining water-filled channels. In this way 
the decreasing permeability of the material as it dries out can be related to its moisture content. 
The predictions by the analogue method agree very well with the experimentally determined 
values. 


INTRODUCTION 


The flow of fluids in unsaturated porous media is of impor- 
tance in agricultural and engineering problems. When the 
porous material is saturated, all of the pores and channels 
are filled and the transport of water is proportional to the 
pressure gradient (Darcy’s law), viz. 


q=kgrad¢d 


where gq is the quantity of water crossing unit area perpendi- 
cular to flow in unit time, 
¢ is the hydraulic potential 
and_k is the permeability. 


When the porous material is not fully saturated some of 
the pores are empty and since water cannot pass through 
empty pores the permeability to water flow is reduced. The 
permeability is therefore a function of the moisture content 
of the material and this leads to a non-linear differential 
equation for flow. In order to solve the equation it is 
necessary to know the relationship between moisture content 
and permeability. 

It is difficult to measure the relationship between moisture 
content and permeability experimentally, the difficulty being 
to maintain a small pressure gradient over a finite region. A 
small gradient is required since one does not wish the per- 
meability to change appreciably over the region being con- 
sidered, and permeability is a function of water pressure. It 
is therefore desirable to have an indirect method of estimating 
the permeability as a function of moisture content. 

Earlier workers have attempted to deduce the permeability 
from a knowledge of the particle size distribution (mechanical 
analysis) and formulae have therefore been developed relating 
permeability to particle size, e.g. Kozeny’s equation") may 
be expressed in the form: 


k = ed*p?(1 — p)? 
where P is porosity, 
dis a measure of particle size, 


and cis a constant. 


The limitations of this equation and other similar equations 
have been discussed by Childs and Collis-George,® and they 
have shown quite clearly that the equations can have only 
very restricted validity. Childs and Collis-George advance 
the idea that since the permeability is largely determined by 
the voids, it is more rational to attempt to calculate the 


permeability from the pore size distribution rather than the 
particle size distribution. 

The pore spaces of a porous material are continuous, con- 
sisting of a set of pores of various sizes, interconnected by 
narrow channels. The pores have a certain size distribution 
and they are randomly distributed in space. Water is retained 
in them by surface tension and the tension that is needed to 
empty a pore is inversely proportional to its radius. Since 
water is retained by surface tension and this tension becomes 
smaller with increasing pore size, the larger pores will lose 
their water at a lower tension and will therefore empty first. 

Childs and Collis-George proposed a method whereby the 
permeability may be deduced by computation when the 
distribution of pore sizes is known. They used the moisture 
content/water tension curve to derive the pore size distri- — 
bution, and a simple statistical theory was used to calculate — 
the permeability based on the probability of occurrence of 
sequences of pores of all possible sizes, and of the contri- — 
bution to the permeability as a sum of a series of terms. A 
weakness of their approach is that by considering only the © 
probability of occurrence of a pore sequence, they have — 
ignored the effect of parallel pores and the by-passing of a 
pore sequence by larger pores. 

In this paper the problem has been treated using an analogue - 
technique. The three-dimensional effect of the actual material 
is preserved as well as taking into account the probability of 
occurrence of a pore sequence. One would therefore expect 
it to be more accurate and to be applicable to a wider range of 
materials. 


ELECTRICAL ANALOGUE 


If one considers first the simple case of cuboidal packing of 
uniform spheres, then there is a pore at the middle of every 
four spheres connected to the adjacent pores through the 
six channels between contacting spheres. In the flow through 
such pores the main resistance will be produced by these 
narrow entry channels. Each pore with its related channels 
can be represented electrically by a network of six resistors 
joined at a common point (Fig. 15). When the pore empties, 
the six entry channels are isolated from one another and this 
may be simulated by opening the circuit of the six resistors 
at the common point. In rhombohedral packing, which is 
the closest type of packing of uniform spheres, there are two 
types of pore; a rhombohedral pore and a tetragonal pore. 
Each rhombohedral pore has eight points of entry and each 
tetrahedral has four points of entry. In a random packing 
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f non-uniform spheres, the number of entry points may 
iffer from these examples given above, but it would not be 
<pected that it would vary greatly from the figure of six, 
nd the six terminal network of resistances (Fig. 1b) could 
1erefore be expected to represent a single pore reasonably 
ell. 

An electrical analogue of a porous medium can therefore 
e built up by connecting a number of these networks repre- 
snting single pores into a three dimensional array representing 
multi-pored material. 


DESIGN OF THE ANALOGUE 


Applying. Poisseuille’s law to flow through the entry 
vannels, the rate of flow in each is proportional to r* per 
nit potential gradient (where r is the radius of the channel), 
. resistance to flow is proportional to r-4. Converting 
is to its electrical equivalent: 


Electrical resistance of a pore unit, R = kr~+ 
here k =a scaling factor, 
r = radius of entry channel. 


It is assumed that the dimensions of a pore are proportional 
) the dimensions of its entry. Therefore the volume of a 
ore will be proportional to r3. As the material dries out, a 
ore just emptied by water tension P will have an entry 
yannel of radius which is proportional to S/P where S is 
ie surface tension. Since S is a constant, a “‘hydraulic 
idius’’ r of the pore can be defined, such that r = 1/P. 
herefore, if the moisture content is plotted against 1/P, the 
ylume of water held in pores between the limits r, andr, ; 
in be tabulated. Since the volume contribution of each 
‘oup, of mean radius r, is known, we can calculate the 
qumber”’ of pores in the group. It is equal to the volume of 
ater held between the limits ,, and r,,.., divided by r} (where 
is the mean radius). Thus the frequency distribution of the 
amber of pores is obtained as a function of radius, 7, and 
is leads directly to a frequency distribution of hydraulic 
sistance, r-*. Only a limited number of resistance units 
n_be used in the analogue and it is necessary to normalize 
e calculated number of pores to the number of resistance 
uits required in the analogue, by allocating resistance units 
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in the proportion which the number of pores in the group 
bears to the total number of pores. 

Since pores of different size are distributed randomly in a 
porous material, it is necessary to devise some method 
whereby resistance networks can be randomly distributed in a 
three dimensional network. This is done by allocating each 
resistance network a number in a series, which ranges from 
unity for the resistor of lowest value, to n for the highest 
(n = total number of resistance units in the network). 
Resistors are selected for insertion in the network in an order 
determined by the order in which their numbers occur in a 
table of random numbers. The selected resistors are plugged 
into the network in sequence. For example, suppose the 
numbers occurring in a table of random numbers are 16, 37, 
4, 8, 64, 45, etc., then a convenient sequence for placing the 
resistors is say, No. 16 in the x, y; z; position; 37 in xy y, 2,3 
4 in x3, 2,3 8 in X4 y; 2,5 64 in X, yy Z,; 45 in x) yy Z,... 
etc., until all the spaces in the x, y,,. Zz; plane are full (where n 
and m have values of 1, 2, 3 or 4). The x, 3» Z25 Xn ¥m 23 
and x, ¥,, Z4 planes are then filled in their turn. 

Thus we have resistance units randomly distributed in the 
three-dimensional analogue, the number of resistance units 
of each value being proportional to the number of pores of 
radius ‘‘r’’ and the value of resistance proportional to r~‘. 
A resistance measurement between opposite faces of the 
cube is inversely proportional to the permeability, so that 
with all the resistors in circuit we obtain a measure of the 
saturated permeability. 

As the moisture content falls, the suction pressure will rise 
until it reaches a value at which channels of radius r can no 
longer remain open. The associated pores, together with 
those of radius greater than r, which are already empty, will 
no longer conduct water, and this situation is simulated in 
the analogue by removing these pore networks from the array. 
The permeability is inversely proportional to the resistance 
measured across the faces of the cube. In practice the 
resistance is measured in the three principal directions and 
the mean of the permeability values obtained is taken to 
represent the permeability at that moisture content. 

In the analogue there is, of necessity, a discontinuous range 
of pore sizes, pores within a discrete radius group being 
assigned a resistance value related to the mean radius of the 


Extract from a calculation for graded sand—\ mm to + mm 


d) (2) (3) (4) (5) (6) (©) (8) (9) 

cb eat Moisture content Vol, contribution Mean radius Volume ; Number normalized Resistance, R (kQ) 
(reciprocal % by vol. ip one aC0up of pore group of Bore De: of DOE tee ; R = k(l/r) 
of tension) M AM,,* ri es (AM ™ Ur; = N 64 Ni/IN Ir; Ge = 1022) 
0-0295 3-45 

0-0305 3-465 0-015 0-030 27 10-® 560 1 12°3 x 105 12 
0-0315 3-485 0-02 0-031 2978 700 Pls 

0-0325 3-50 0-015 0-032 32:8 460 Shey 
~0-0335 Biv 2 0-02 0-033 Bdz9 560 8:4 
| 0:0345 B25) 0:03 0-034 393 760 Ges 
-0-0355 3-60 0:05 0-035 42-9 1200 1 6:7 6°8 
-0-0365 3-67 0:07 0-036 46-7 1500 6:0 
-0-0375 3-79 0-12 0-037 50:6 2400 1 23 5:6 
—0-0385 3-96 0-17 0-038 54:8 3100 1 4-8 4-7.(Y) 
-0-0395 4-17 0-21 0-039 59-3 3500 I 4:3 4-7(R 
~0-0405 4-4] 0-24 0-040 64-0 3750 I S08) Sezer 
0-0415 4-70 0:29 0-041 68-9 4200 1 B05) 3°37) 
-0-0425 S05) 0-35 0-042 1a 4700 i 322 3-3 (R) 
-0-0435 5-47 0:42 0-043 719°5 5300 2 2:9 pT Ge” 


Note (1) In general “preferred types 
(2) The code, R, Y, is to disti 
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” of resistors have been used. 
nguish resistors of same value. 
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group. Therefore, when a set of resistors representing a 
particular radius group is removed, the resistance increases 
stepwise (permeability decreases). Once this group has been 
removed, only the remaining pores contribute to the per- 
meability. Hence, the moisture content which corresponds 
to the predicted permeability is the moisture content corre- 
sponding to the lower radius boundary of the group removed 


(or what is the same thing, the moisture content corresponding - 


to the higher radius boundary of the group not yet removed). 

A portion of the specimen calculations is given in the 
accompanying table. The basic information from which the 
table is prepared is the moisture content/water tension curve 
for the material (Fig. 2). The reciprocal of the water tension 


(hydraulic radius) is entered in column (1), and the corre-. 


sponding moisture content M is listed in column 2. The 
volume of water held between the limits of each radius group 
can be derived from column 2 (AM/"*'). The fineness of 
subdivision of the hydraulic radius is chosen to limit the 
volume contribution of any one pore group to not more 
than two or three percent. The mean radius of the group 7; 
is listed in column (4), and using these values, the mean 
volume of the pores in each group 7} can be calculated 
(column 5). The number of pores of each size is calculated 
by dividing the volume contribution of the group (AM?" it 
by the mean volume of a single pore in the group 7} (column 6 
and Fig. 3). The total number of pores is normalized to the 
number of resistance units required in the analogue (64 in 
this case), by allocating resistance units in the proportion 
which the number of pores in the group bears to the total 
number of pores. The number of units in group i is given 
by 64N,/X.N. The hydraulic resistance r; 4 is calculated 
from column (4), and a scaling factor chosen which gives 
convenient electrical resistance values. In all cases the 
nearest “‘preferred”’ values to the calculated values of resistance 
are used. 


AN ALTERNATIVE MODEL 


In the preceding discussion we have built up an electrical 
analogue by imagining a porous material as being composed 
of an aggregation of spherical particles in which water moves 
through the voids and connecting channels between con- 
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Fig. 1. (a) Heavy line delineates resistor representing a 
capillary tube in the capillary type model. Dotted lines 
indicate the position of adjacent resistors (or capillary 
tubes). To simulate the emptying of a pore as material 
dries out the circuit is broken at points a and b. 


(6) Heavy line delineates network representing a single 


pore in packed sphere type of model. Dotted lines 

indicate the position of adjacent networks (or pores). 

To simulate the emptying of a pore as material dries out 
the circuit is broken at points a, b, c, d, e and f, 
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tacting spheres. This concept leads to the adoption of a 
six-terminal resistance network to represent a single pore, 
We might call this the packed sphere model (Mk I). 

A porous material may also be thought of as a three- 
dimensional network of inter-connecting capillary tubes. In 
this case a single pore could be represented by a single 
resistor presenting the hydraulic resistance of a capillary tube 
(Fig. 1a). We might call this the capillary model (Mk I). 
The arguments put forward in the previous sections, for the 
calculation of pore size distribution and hydraulic resistance, 
apply equally well in this case. The assembled pores lead to 
an array of resistors which at first sight is identical to that for 
the packed sphere model. In the capillary model, however, 
each resistor represents a single pore and the emptying of a 
pore is simulated by opening the ci:cuit at points a and 6 in 
Fig. 1(a). In the case of the packed sphere model, the circuits 
are broken at points a, b, c, d, e and f (Fig. 1b). This is the 
essential difference between these two analogues. 

In the experimental section of this paper, analogues based 
on both models are applied to predicting the permeability of 
porous materials comprised of packed spheres. 


EXPERIMENTAL VERIFICATION OF THE ANALOGUES 


Analogues based on both the capillary tube model and the 
packed sphere model have been tested against actual per- 
meability measurements on each of two granular-type porous 
materials. Since Childs and Collis-George have very fully 
reported their figures, analogues of each type have been con- 
structed which are based on the moisture characteristics of 
their 1 mm to 4+ mm graded sand (material A). The moisture 
characteristic is shown in curve (a), Fig. 2, and the pore-size 
distribution derived from it is shown in curve (a), Fig. 3. 


~ 


Ww 
Bre 


Water tension P (cm of water) 
Mm 
O 


O 


lO 20 30 40 
°%o Moisture content by volume 
Fig. 2. Moisture characteristic of materials 4 and B 


Material A, graded sand (1 mm to + mm). 
—-—-—-— Material B, ungraded glass beads. 
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since material A is a graded sand, it contains a very narrow 
ige of pore size. In addition, therefore, analogues of each 
e have been set up for a material having a wider range of 
€ size (material B)—see curve (4) in Figs. 2 and 3. 


O 0:02 0:04 


0:06 
Hydraulic radius of pore (I/P) 


0:08 


| Fig. 3. Pore-size distribution of materials A and B 


Material A, graded sand (1 mm to 4 mm). 
——-~-— Material B, ungraded glass beads. 


‘he results of the analogue predictions of the permeability 
ction for materials A and B are shown in Figs. 4 and 5 
yectively. In each case these have been compared with 
measured permeability and the permeability computed 
the method of Childs and Collis—-George. 


DISCUSSION 


or material A the packed sphere model and the com- 
ation method give very similar results and both are con- 
rably closer to the measured curve than the capillary 
jel. Although the analogue prediction is very good, it is 
significantly better than the computation method. The 
ning of confidence limits to the analogue curves will be 
cussed later. A possible reason for the difference between 
measured and analogue curves is that the pore-size distri- 
‘on is calculated on the assumption that the volume 
tribution of each radius group is due to the complete 
»tying of pores whose radius lies between the limits for the 
ap. In addition, however, some water will be withdrawn 
n pores already partially empty in such a way as to 
ntain an equilibrium curvature at all points in the medium. 
number of pores in a particular radius group will therefore 
over-estimated since this latter source of water has been 
yred in the computation. The resulting error in the cal- 
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permeability of unsaturated porous materials 


culated number of pores will increase from a minimum near 
saturation to a maximum at the pendular stage (Haines™), 
i.e. the stage at which all remaining water is held in the points 
of contact between adjoining particles. Since the calculated 
proportion of small pores will be greater than the actual 
number, one would expect that, at a given moisture content, 
the model would predict a higher unsaturated/saturated 


+ 
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Ww 
9 


% Moisture content (by volume) 


[@) ’ é packed sphere model * epoca 
g* capillary tube model (144 pores) 
ry 
Ot 5 Oly 2 O4 ob «(G8 10 


Ratio: unsaturated/saturated permeobility 
Fig. 4. Permeability ratio for material A 


Measured by Childs and Collis-George. 
——~-—- Computed by Childs and Collis-George. 


Note. (1) Permeability made equal to unity at saturation 
(35-7%). 
(2) The limits shown are the 95 % confidence limits for 
one construction of the model (see text). 
40 


% Moisture content (by volume) 


04-306 O8 tO 
Ratio: unsaturated/saturated permeability 


Figo. 


Measured by the author. 
——-~-— Computed by the Childs and Collis-George method. 


Note. 


Permeability ratio for material B 


(1) Permeability made equal to unity at saturation 
(37%). 

(2) The limits shown are the 95 % confidence limits for 
the mean of ten determinations (see text). The 
limits for one determination are of the same 
magnitude as those in Fig. 4 for the packed sphere 
model. 


permeability ratio than is- obtained by measurement, 1.e. 
there is a higher proportion of smaller pores, and the number 
of possible flow paths through the material is not reduced as 
rapidly with falling moisture content in the analogue as in 
the actual material. Further, the radius calculated from the 
suction pressure will be the radius of the /argest entry channel 
to the pore. Two sources of error arise from this fact. 
Firstly the channel radius has been used to calculate the 
volume of the pore and hence the pore-size distribution. 
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Whilst for a specified type of packing of uniform spheres 
there is a known proportional relationship between the “neck” 
radius and pore radius, there is no such relationship in a 
randomly packed medium and there will be a further error 
in the calculated pore size distribution. 

The second source of error is that in the analogue the pore, 
with its connecting channels, is represented as a six-terminal 
network with equal resistors and these are proportional to 
the hydraulic resistance of the largest channel. In practice, 
of course, the channels may be of different size depending 
on the size of the adjoining pores. Just how serious this 
error is, is hard to assess. 

The permeability of the material B falls off less rapidly with 
falling moisture content than it does for material A. The 
reason is probably similar to that given above for the 
difference between the measured and analogue predicted 
curves, viz. material B has a wider range of pore size than 
material A, and the number of possible flow paths through 
the material is not reduced as rapidly with falling moisture 
content. This, too, is probably the reason why the com- 
putation method fails to give as good a prediction in this case. 
Childs and Collis-George have considered only the prob- 
ability of occurrence of a pore sequence and its contribution 
to the permeability. They have ignored the effect of parallel 
pores and by-passing of pore sequences by larger pores. 

It is found that the difference between the two types of 
analogues is not as marked for material B. The reason for 
the smaller difference is probably that in randomly packed 
ungraded material the argument requiring six entry points 
(based on ideal packing) will no longer be completely valid. 
The capillary tubes concept probably becomes more nearly 
correct. 

The packed sphere model, however, seems to be more 
generally applicable to granular materials; and for graded 
granular materials, in particular, the capillary concept is 
quite inadequate. 


VARIABILITY 


Since there are only sixty-four pores in this construction of 
the packed sphere analogue, i.e. only sixteen attached to any 
one face, it might be supposed that the results obtained 
would depend a good deal on the randomly determined order 
of placing resistances in the network. 
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This variation has been assessed by constructing ten models _ 


from the same set of resistors (actually Material B, Mk J 
type model), the only difference between constructions being 
the random order in which the resistors were put into the 
network. The permeability versus moisture content function 
was derived from the analogue for each of these ten sets of 
data and a polynomial of sixth degree fitted to each curve by 
the method of least squares. 
pass though a value of unity for the unsaturated/saturated 
permeability ratio. Coefficients of powers higher than the 


The curve was constrained to. 


sixth were found to be randomly distributed and a sixth 


degree equation gave an adequate representation of the curve, 

The mean value of the variance of the permeability ratio 
about the portion of the curve from 0:06 to 0-9 is 0-:000455, 
i.e. the standard deviation is 0-0213. On this basis, therefore, 
there is a 95°% probability that a single construction of the 
model will predict a function whose values will be within 
+0-048 of the mean over the greater part of the curve, 
These results apply to the Mk I type of model which has 
64 pores. It seems a reasonable assumption that, in the case 
of the Mk II model, which has 144 pores, the standard 
deviation will be reduced to two-thirds of this value (\/64/144). 


1 


This assumption has been made in assigning limits to the — 


Mk II curve in Fig. 4. 
In spite of its limitations, the method does appear to have 
some advantage over the method of Childs and Collis-George 


and gives a very good intuitive physical picture of the con- — 


duction process in the soil. Further, the predictions by the 
analogue method fit the experimental facts fairly well, and it 
seems to be more generally applicable than the computation 


method. ; 
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A study of a cathode containing alkaline earth carbonates and boron has shown that lives of at 
least 8000 hours may be obtained at d.c. current densities in excess of 4 A/em?. The cathode 


also exhibits good pulse emission properties. 


Processing schedules and operating temperatures 


are similar to those of a normal oxide-coated cathode. Experiments carried out in an attempt to 
elucidate the mechanism of operation are described. 


lany of the limitations inherent in the oxide-coated cathode 
ave been overcome by the development of the atomic film 
nitter in various forms known as the “L,’“) metal 
ipillary‘*? and impregnated cathodes@) and a considerable 
nount of information has been published on these. An 
ternative approach, using oxide cathode materials has been 
‘iefly reported by the Bell Laboratories“) and termed the 
nolded”’ or matrix cathode. The comparatively low 
derating temperature combined with favourable electrical 
id mechanical properties makes this type of particular 
terest. Details of a study made on one such system are 
ven below. 


SELECTION OF BASIC MATERIALS USED IN 
CATHODE PREPARATION 


Carbonyl nickel powder and co-precipitated (Ba, Sr, Ca)CO; 
‘e used, the methods of powder metallurgy being employed 
form the cathode into the desired shape and size. For 
se of activation some reducing agent, capable of reacting 
ith barium oxide (and strontium and calcium oxides) to 
‘oduce free barium (strontium and calcium), must be 
cluded either pre-alloyed to the nickel or added to the 
thode mixture as a fine powder. The latter method was 
osen since powdered nickel alloys are not readily available 
id the impurity content can be varied and controlled 
curately in this way. The selection of the reducing agent 
governed by several considerations namely: 
(i) there must be little or no sublimation at the operating 
mperature, which will necessarily be somewhat higher than 
r the oxide-coated cathode; 
(ii) the pressure of barium produced by the reaction 


R + BaO = RO + Ba 


yere R is the reducing agent, must be sufficient to activate 
2 cathode but not too high or excessive barium evaporation 
uld result; 

(iii) no deleterious reactions between the agent and 
a, Sr, Ca)CO, must occur at the sintering temperature (as 
the case with tungsten, for example). 

A thermodynamic analysis of the reactions involved in 
ide cathodes has been given by Rittner® and has been 
ed as a guide when considering condition (ii). In the 
‘sent investigations boron has been used as the reducing 
ent, although practically no information exists as to the 
haviour of nickel-boron cathode alloys. 


PREPARATION OF THE CATHODE MIXTURE 
The constituents used are as follows :— 


Carbonyl nickel powder (analysis: carbon, 0-05-0-1%; 
sulphur, 0:001-0-:002%; silicon, titanium, aluminium, 
0:0001 %; oxygen, 0°1%; iron, 0:02°%). 
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Particle size 3-5 pu, 68% by weight. 

Co-precipitated (Ba, Sr, Ca)CO; (in the ratio 45-5 : 45-5 : 9) 
30:6% by weight. The particle size is shown by an 
electron micrograph to be approximately | ju. 


Boron less than 300 mesh, 0:4% by weight. 


Barium stearate, to serve as binder and lubricant during 
pressing, 1% by weight. 


The powders are ball-milled together for 24-72 hours. It 
has not been found necessary to take any special precautions 
in storing the mixture. 


Pressing and sintering cathodes. Cathode pellets, usually 
about 4mm in diameter, consisting of a layer of cathode 
material approximately 0-010 in. thick and a layer of nickel 
0-030 in. thick, are formed by pressing the materials in a 
hardened steel die at 50 t/in.? Sintering is carried out in a 
hydrogen atmosphere. Several firing schedules have been 
used but the one most generally employed consists of main- 
taining the cathodes at 1000°C for 15 min followed by 
30 min at 1100° C. 


CATHODE PROCESSING AND PERFORMANCE 
CHARACTERISTICS 


The sintered cathodes, after spot welding into a molybdenum 
or nickel retaining sleeve, are mounted in small planar 
diodes with an anode dissipation of about 6 W; anode- 
cathode spacing is kept small so that fairly large current 
densities may be drawn at convenient anode voltages. These 
valves have generally been pumped on a three-stage oil 
diffusion pump to a pressure of about 5 x 10->mm of 
mercury followed by a bake at 400°C. After induction 
heating the electrode structure, the cathode temperature is 
slowly raised to 1050-1075°C and maintained for about 
5 min, the pressuré never exceeding 5 x 10~+ mm of mercury 
at this stage. Activation is then continued at 1000—1050° C, 
the pressure having fallen to 5 x 10-°mm of mercury. 
After gettering and seal-off, ageing of the valves is continued 
for 24-48 hours gradually reducing the temperature to the 
required operating value. Variations in the above procedure 
have not caused any marked changes in cathode charac- 
teristics. An extensive study of the effect of the activation 
treatment has not, however, been carried out. 

A pulsed emission Schottky plot of a typical cathode is 
shown in Fig. 1. The zero field emission at various tem- 
peratures, obtained by extrapolating the linear portion of the 
curves, has been used to give a Richardson line with slope 
1-07 eV. Values ranging from slightly less than this figure 
to about 1-15 eV have been obtained. These values are in 
close agreement with those found by Balas, Dempsey and 
Rexer for their oxide-impregnated nickel matrix cathode. 

Approximate d.c. emission currents obtained are 1 A/cm? 


BRITISH JOURNAL OF APPLIED PHYSICS 


R. W. Fane a 


at 840°C and 2-3 A/cm? at 900°C. While values up to 
8 A/cm? have been obtained, no life studies have been made 
at these high current densities. Cathodes, polished using the 
technique as for microscopic examination (see subsequent 
section), have given substantially the same results as unpolished 
ones. Further, exposure to air at atmospheric pressure after 
activation causes no permanent deterioration, thus making 
the cathodes useful for testing electron-optical devices in 
demountable vacuum systems. 


wu ocwxwoo0O 
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Fig. 1. Schottky curves of a typical cathode 


Curve (1), 808°C; curve (2), 830°C; curve (3), 852°C; 
curve (4), 873° C; curve (5), 885° C. 


Limited thermionic and spectrochemical analysis of the 
evaporation products indicate a total barium evaporation 
rate of 1:5 x 10-1! wg/cm? x h at 900°C, a temperature 
at which about 24 A/cm? is available. Similar figures have 
been given by Brodie and Jenkins‘ for their impregnated 
cathodes. 


LIFE TESTS 


Using the small diodes mentioned above the emission life 
has been tested by operating the cathodes at 850—900° C 
while drawing a space-charge limited current of the order of 
0:5 A/cm?. The decrease in d.c. emission over 5000 hours 
has not been more than 20% of the initial value and usually 
considerably less than this. Periodically the valves are further 
tested, at 940° C, by applying a 1 kV, 2 us pulse (250 pulses/s) 
thus ensuring temperature-limited emission. Typical results 
are shown in Fig. 2. More recently the time taken to reach 
a stable emission has been reduced by the adoption of the 
ageing technique referred to above. 

Life tests under more stringent conditions have been 
carried out in valves employing a copper water-cooled anode. 
One such valve, operating at 835°C drawing a “knee” 
emission of | A/cm? at an anode voltage of 1 kV, has shown 
a 25% decrease in emission in 10000 hours. 

Results recently announced by Hadley, Rudy and 
Stoeckert®) for their ‘molded’ cathodes operating under 
similar conditions show a 30°% decrease in d.c. emission and a 
50% decrease in pulse emission currents over a period of 
1000 hours. Using similar constituents but different sintering 
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techniques, Beck, Brisbane, Cutting and King) quote lives 
of 5000 hours at 1 A/cm? and 1000° C. Experimental results 
obtained by these latter authors indicate, however, that the 
mechanism of operation in this case is that of an atomic film 
emitter rather than emitting oxide grains within a nickel 
matrix. 


D.C. emission (A/cm?). 
Pulse emission (A/cm?) 


qo Gee pane 
Life (\OOOh) 


Pie wah 


Fig. 2. Emission density variation with life 


diode A, d.c. emission. diode B, d.c. emission. 
——-—— diode A, pulse emission. -——-:—- diode B, pulse emission, 


At present only limited life test information on cathodes 
mounted in microwave valves is available, but polished 
cathodes, mounted in travelling-wave tubes, have shown no 
deterioration in emission current or noise factor over periods 
in excess of 2000 hours. 


METALLOGRAPHY OF THE CATHODE 


Attempts to prepare active oxide cathodes by mixing 
various powdered reducing agents with (Ba, Sr)CO; have 
been unsuccessful. This finding has been substantiatec 
in the case of boron. Oxide coatings containing boror 
supported on a pure nickel base show little thermal activatior 
when maintained at 900° C for several hours. Activation bj 
drawing current followed a similar course to cathodes pre 
pared in an analogous manner but without the inclusion 0} 
boron. A knowledge of the location and form of the borot 
in the sintered cathodes is, therefore, important in con 
siderations of the mechanism of operation. 

The relevant part of the nickel-boron equilibrium diagran 
is shown in Fig. 3. It is seen that an intermetallic compound 
Ni,B, is formed at about 92% nickel and the solid solubilit 
of boron in nickel is negligible. There is also a eutecti 
point at composition 96% Ni, 4°% B. 

In order to determine whether the boron in the cathod 
exists as free boron or in combination with nickel as NipB 
alloys of composition Ni/4%B and Ni/0-4° B were pre 
pared: (a) by melting and casting into small ingots and 
(b) by pressing and sintering the powdered materials. Section 
were polished using graded emery paper followed by tw 
grades of diamond dust (6 and 1 2). 5 

From Fig. 3 it will be seen that the Ni/4°% B alloy melts a 
1140° C while the Ni/0°4°% B alloy is not wholly liquid unt 
a temperature of over 1400° C is reached. At a sinterin 
temperature of 1150°C the Ni/4°%B would be above i 
melting point and the resulting pellet would appear simile 
to the melted and cast ingots; the Ni/0-4°%B alloy, howeve 
would still be partly solid. 
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Microscopic examination of the cast ingots after etching conclusion being supported by the absence of such particles 
ith Carapella’s reagent (ferric chloride 5 g, concentrated ina polished section of a sintered pellet of pure nickel. 
ydrochloric acid 2cm3, ethyl alcohol 99 cm3) showed a 


Temperature (°C) 


O 
90 95 I00 
Fig. 3. Nickel/boron equilibrium diagram (nickel rich) 


ypical eutectic structure (Fig. 4) for the Ni/4°%B alloy con- 
isting of alternate plates of nickel (light) and Ni,B (dark). 
The Ni/0:4°B alloy (Fig. 5) showed nickel grains with dark 
Ni,B in the boundaries. The sintered Ni/4%B alloy was 


Fig. 5. Microstructure of melted and cast Ni/0:4°%B 
ingot (dark Ni,B in Ni grain boundaries). (x 320) 


| Fig. 4. Microstructure of melted and cast Ni/4%B 
ingot (Ni,B dark, Ni light). (320) 

os in appearance (Fig. 6) to the cast structure, but the 
Ni/0°4 %oB alloy showed light, outlined, particles within the 
sickel grains (Fig. 7). Since Ni,B etches dark, it was con- Fig. 6. Microstructure of sintered Ni/4%%B (Ni,B dark, 
juded that the light particles were of unreacted boron, this Ni light). (320) 
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Fig. 7. Microstructure of sintered Ni/0:4%B showing 
boron grains (light, outlined) with ‘dark etch pits in a 
nickel. matrix. (320) 


Fig. 8. Microstructure of cathode surface showing 
small outlined particles of boron in nickel grains. 
(<720) 
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Examination of a cathode pellet containing carbonates 
showed the existence of small outlined particles (Fig. 8). 
These particles and also the nickel grains are much smaller 
than in the corresponding carbonate free pellet (Fig. 7), 
but this observation is consistent with the inhibition of grain 
growth by a second phase, in this case, the carbonates. It 
was therefore concluded that the boron in a cathode pellet 
is present mainly as free boron with possibly some Ni,B. 

To show that Ni,B is capable of reducing the alkaline earth 
oxides, conventional oxide-coated cathodes were prepared 
using three different base metals, namely, Ni/4%B, Ni/0-4°%B 
and pure nickel. The cathodes were activated by a thermal 
process emission being checked periodically for brief intervals 
of time. Whereas the pure nickel-based cathodes showed no 
increase in emission density beyond about 50 m A/cm? over 
40 min heating time, the eutectic-based cathodes gave 
0:5 —1A/cm? in 10-20min. Intermediate values were 
obtained for the 0:4°%B-based cathodes. Boron may there- 
fore prove to be a useful addition to oxide-cathode base 
alloys. This finding is, however, contrary to one test made 
by Sylvania“! using a 0-08 % boron base alloy. 

From these various investigations it may be concluded that 
free barium may be produced in the cathode by the pure 
boron in the nickel or by Ni,B. Probably the higher barium 
pressure produced by the pure boron is important in the 
early stages of cathode operation with some contribution 
from the Ni,B during life. : 


CONSTITUTION OF THE EMITTING SURFACE 


After activation the cathode surface consists of approxi- 
mately 20-25% nickel, the remainder being mixed alkaline 
earth oxides. Assuming the nickel to have a monatomic 
coverage of barium, the work function, 4, of these grains 
would be about 1:7 eV while for the oxide grains the value 
would approximate to 1eV. The average work function 
for the complete surface would then be 1-1—1-2 eV in reason- 
able agreement with measured values. Assuming the nickel 
grains to remain free of barium (¢@ = 4:6 eV) the average 
work function would be nearer 2-0 eV. This suggests that 
the cathode consists of emitting oxide grains within a nickel 
matrix, the work function of the nickel being reduced by at 
least a partial barium coverage. Considerably more infor- 
mation is required regarding the migration of barium on 
nickel, the location and size of the pores, and the electron 
velocity distribution before an accurate physical picture of 
the mechanism can be obtained. 


CONCLUSION 


_ A description of a matrix type cathode together with some 
experiments to elucidate the mechanism of operation has 
been given. Several characteristics such as mechanical 
strength, machinability, recovery from gas poisoning and ion 
bombardment and good life at high current densities make it 
superior to the oxide cathode in applications where the 
demands on the cathode are severe, e.g. backward-wave 
oscillators and high-power pulse valves. More experimental 
work on the nature of the evaporant, correlated if possible 
with some parameter such as porosity, is required, in addition © 
to more life studies at high pulse densities and d.c. current 
values in excess of 1 A/cm?, before a final assessment of the 
relative merits of this cathode can be made. = 
. 
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7 The evaporation of sprays 
By R. T. Jarman, MSc., A.Inst.P., D.J.C., A.R.C.S.,* Colonial Insecticides Research Unit, Porton Down, Wilts. 


e rate of. evaporation of spray droplets has been deduced 
oretically by Probert,“ while Sacks?) measured the rates 
evaporation of kerosene sprays in a small chamber and 
ind them to be about 1% of the theoretical values. 
cently, while assessing the performance of certain aircraft 
ays,@) the evaporation of a dyed kerosene spray in the 
qosphere was measured. Although the scatter of the 
ults was not small, it was found that the rate of evaporation 
3 close to the theoretical values. 

robert took the droplet size distribution to follow the 
sin—Rammler relation, 


R = exp [— (x/x)"] (1) 


ere R is the volume fraction of the spray composed of 
iplets greater in diameter than x, x is a mean droplet size, 
tna measure of droplet uniformity. With the rate of 
poration of droplets given by the relation, 


2 
0) == i (2) 


2re A is a constant independent of droplet size, dependent 
humidity, etc., and equal for all droplets, Probert showed 
t the percentage of the spray remaining T seconds after 
ission is 


e | 


VA 


-n— 4 
1002) (x? — AT)? exp [—(a/x)"]dx 3) 
es 


integrated this graphically for various values of VAT/X 
| n. Langmuir showed that for stationary droplets in 
1 air, ' 

A = 8AMp/RpeT (4) 


sre A is the diffusion coefficient, MM the molecular weight 
‘he vapour, p the vapour pressure of the liquid, R the gas 
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| The rate of evaporation of an aircraft spray of kerosene droplets in the atmosphere has been 
measured, and was found to approximate to the theoretical estimates. 


constant, p the liquid density and 7 the absolute temperature. 
Using this equation the rate of evaporation of kerosene was 
computed taking 


AMp/RT = 1:3.10-© gs~! cm! (Sacks) 
.p = 0-807 (Sacks) 


X¥ = 200 to 280 uw | see field experiment described 


ee c5 J below. 


It is shown as a full line in the figure. 

In the field assessments the aircraft, an Auster J.5G was 
flown straight and level at.a height of 40 ft, across wind, over 
a slightly contoured surface of short grass. Kerosene (tractor 
vapourizing oil) dyed with 1% of Waxoline Red Dye (by 
Imperial Chemical Industries Ltd.) was emitted for 30s at 
10 gals/min producing a line source of spray which drifted 
downwind. Filter papers were laid in a downwind line at 
10-yard intervals in the centre of this line of spray. The 
droplets deposited on them, and by measuring the stain 
sizes visually,. and the dye deposited colorimetrically, 
the (percentage) volumes remaining at various distances 
downwind were found. They are plotted in the figure. The 
droplet size distribution of the deposit was measured at 
various distances downwind and found to approximate to 
the Rosin-Rammler relation. While ” was approximately 
2:5 from 25-110 m downwind, x decreased from 280 wu at 
25m to 200, at 110m. The large droplets deposited on 
average nearer to the aircraft track, but the range of droplet 
sizes found at various distances was similar. The wind 
speed was 3 m/s. 

Comparing the theoretical and measured values we see 
that they are of the same magnitude, but there was 
appreciable scatter of the observations. The deposited spray 
characteristics were used in the calculation, not the emitted 
(pre-evaporation) spray, but the error arising in this way 
would probably be small. The smaller decrease of evapora- 
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tion with distance found in the measurements shown by the 
dotted line through the points could be due to the dyed 
tractor vapourizing oil being a mixture in which the less 
volatile components evaporated off early in the flight leaving 
the less volatile residues (including the dye) to reduce the 


@X@) 
Vv 
5 ; 
Se oO 
=o} 
one 
cada cat 9} O) 
— 2 
O95 
vo 40 ees 
[oy = a 
as ~~~ _measured 
= fe) 
o 20 
& theoretical 
1. 1 = ee eee 
OD GPIO wiA@: 160 SOs OO 
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Time of flight (s)_ 


The volume lost by evaporation 


evaporation rate, or because the theory treats the droplets 
as stationary. The relative motion of individual droplets and 
air increases the rate of evaporation by a factor) 


1 + 0-276 Re2(v/A)} (5) 


where Re is the Reynolds Number of the droplet (due to its 
falling relative to the surrounding air) and v the kinematic 


Measurements on the air-nuclei in natural water which give 
rise to cavitation 


By K. S. IvENGaR, M.Sc., Ph.D., and E. G. RICHARDSON, B.A., Ph.D., D.Sc., King’s College, 
Newcastle upon Tyne 


[Paper received 11 November, 1957] 


Measurements are described on the detection by physical means of the gaseous nuclei in water 

which are responsible for the water cavitating when the pressure is reduced. For measuring 

the critical pressures for cavitation an ultrasonic excitation is used. To estimate the size and 

number of the nuclei, methods based on the reverberation and optical scattering are used. The 

changes in cavitation potential of aerated water with time and the effect on the nuclei of 
subjecting the water to prolonged excess pressure are described. 


1. INTRODUCTION 


Whilst an extensive literature exists on the subject of the 
development and disappearance of vacuous or gas-filled 
cavities in water, there still remain gaps in our knowledge of 
the mechanism of initiation of cavities. In particular, there 
remain unresolved difficulties in reproducing results reported 
from one laboratory in others, which suggest that there are 
latent differences in the nature of different specimens of 
water which make them more or less susceptible to cavitation. 
About twenty years ago Harvey“) and others suggested that 
such differences were to be ascribed to the presence or 
absence in the liquid of nuclei on which cavities could develop 
and put forward as evidence for their ideas the fact, now well 
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viscosity of the liquid (tractor vapourizing oil ne 1-8 centi- 
stokes) the Reynolds Number is given by the relation 


Re = vx/v’ (6) 


where v is the relative velocity of droplet and air (here the 
terminal velocity) and v’ is the kinematic viscosity of air. 
As v increases with x, Re increases with droplet size 
(equation 6) and so does the increase in the rate of eva- 
poration (equation 5). The magnitude of the factor for 
kerosene is 1-01 for a 10 1 diameter droplet, 1-55 for 200 p 
and 2:49 for 500. Therefore this mechanism could also | 
cause the evaporation to decrease more rapidly with distance, 
than the simplified calculations indicated. 

The experiments in a small chamber used such slow air- 
flow that the theoretical evaporation rate would have produced 
approximately saturated air. As the theoretical treatment is 
for negligible vapour concentration, and appreciable quan- | 
tities of vapour could reduce the rate of evaporation, the 
chamber results were less than the calculated values. From | 
the present measurements it is clear that the simplified | 
theoretical treatment gives the right order of magnitude for 
the rate of evaporation of kerosene in the atmosphere when 
the vapour concentration is small. 
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| 
established, that the subjecting of the liquid to prolonged | 
high pressure inhibited the subsequent formation of cavities | 
even after the pressure was reduced, the nuclei presumably | 
having been driven into solution by the applied pressure. | 
Yet the means of measuring, even of detecting these nuclei, 
has been lacking. It was in the hope of being able to make 
such measurements and to be able to assess, in advance of | 
their use in hydraulic machines, the cavitating propensities | 
of water specimens that this research was undertaken. 
During the course of the work, there emerged fundamental 
physical data on the nature of the cavitation process and of the 
meaning of the term “solution,” as applied to gas in liquid. 
These will be discussed subsequently in another paper. 


VoL. 9, APRIL 1958 


Measurements on the air-nuclei in natural water which give rise to cavitation 


2. CAVITATION THRESHOLD POTENTIAL 


It was decided, in repeating the experiments of Harvey 
nd others, that a method of initiating the cavitation should 
e used which would allow a “‘critical potential” for cavitation 
» be quoted for each liquid tested. One operation which 
nds itself readily to this usage is the application of ultra- 
ynics. The electric potential in volts applied to a piezo- 
lectric or magneto-strictive transducer in contact with the 
quid can generally be taken as a measure of the alternating 
ound pressure amplitude set up in its vicinity. When this 
1ethod was tried, an effect already noticed by previous 
orkers in ultrasonic cavitation was observed. It was found 
npossible to express “‘cavitation potential’ as a single 
arameter, the time to cavitate being also involved. 

The bubbles that appear at the onset of cavitation are 
enerally of two kinds, gas (air)-filled bubbles and vacuous 
rt more exactly vapour-filled bubbles. Gas-filled bubbles 
row to visible size and then remain stable while vapour- 
led bubbles expand and collapse explosively in a sound 
eld. The term cavitation in respect of hydraulic machinery 
; normally applied to the formation of vapour-filled cavities, 
1ese being the ones whose collapse causes erosion. But this 
istinction is not critical as both kinds of cavitation must in 
1e last analysis originate from microscopic cavities already 
xisting in the liquid. When the liquid contains dissolved 
ases these will diffuse into the growing nucleus and give 
ise to gaseous cavitation. During the progress of this 
avitation, vapour-filled bubbles are also seen to grow and 
ollapse so that the two types of cavitation can exist side by 
ide. 

Our measurements of cavitation potential were performed 
sing a focused sound beam in a cavitation tank (Fig. 1) 


Fig. 1. Tank for observation of cavitation 
T, transducer; R, reflector; A, absorber. 


onsisting of a rectangular box made of Perspex sheets 
6 <x 15 x 15cm open at the top. A 442kc/s barium 
itanate saucer-shaped transducer is set into one end with 
's inner surface (8-7 in. diameter) in contact with the liquid 
1 the tank. The connexions from the plated faces of the 
ransducer are led to a power oscillator which is capable of 
elivering a maximum electrical output of 100W. To 
bsorb the waves at the far wall a pad of glass wool was 
ised; otherwise a concave reflector (two watch glasses 
nclosing an air-film) could be interposed to double the 
ffect at the focus. In order to determine the sound intensities 
t the focus of the transducer, the radiation pressure on a 
mall steel bead 1:6mm diameter suspended by a nylon 
bread in this region was measured. A microscope was 
sed to watch the bead and adjust its position in the focus. 
The power to the transducer was gradually increased and 
t every step the reading of an electronic voltmeter connected 
> it was noted. From the force required to restore the 
ead to its original position, the intensity of the sound field 
x peak pressure at the focus was measured and compared 
fith the reading of the voltmeter. A peak pressure of 
-6 atm at the focal point of the (progressive) sound field 
orresponded to a potential of 5 V on the transducer. 
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3. OBSERVATION OF CAVITATION INCEPTION 


The onset of cavitation was recognized by two methods. 
In the first method a microscope was used to observe the 
bubbles. (The smallest bubble that could be seen through it 
was of a radius of 10.) At the onset of cavitation in 
aerated water, bubbles of this size suddenly appear one 
after another in rapid succession at the focus which is a 
pressure antinode. They start rising in an oblique direction 
towards a pressure node. On the way the smaller bubbles 
coalesce to form larger ones, but more often the individual 
bubbles grow in size as they move forward and finally join 
larger bubbles. 

The second method of detecting the onset of cavitation 
was through the noise the bubbles make while they are 
growing in a sound field. This noise is picked up by the 
same bowl transducer which provides the acoustic energy to 
start cavitation and is detected through the modulation 
which it produces in the circuit driving the transducer, seen 
on an oscillograph or heard in a pair of headphones attached 
thereto. This method of detecting gaseous cavitation is 
quite sensitive, as even before the bubbles become visible in 
the microscope, the onset of cavitation can be heard. 

In the main, the methods of measuring nuclei resolve into 
two types: (1) acoustical, and (2) optical. 


4. ACOUSTICAL MEASUREMENTS 


The absorption of sound waves in degassed distilled water 
is small at frequencies below 2 Mc/s. At these frequencies, 
the presence of small quantities of air entrained in water, 
however, considerably increases the absorption. One 
convenient way of measuring this excess absorption is to 
employ the reverberation technique (compare Mulders")). 

In this method measurement is made of the rate of decay 
of a diffuse sound field established in the liquid. The attenua- 
tion is caused by absorption in the liquid itself and also by 
energy losses associated with the vessel. The vessel losses 
are determined by using a liquid for which the coefficient of 
absorption of sound is known. 

In this work both spherical and cylindrical glass vessels 
were employed as containers of water. They were suspended — 
by thin twine in a constant temperature enclosure. The 
source of sound was a small barium titanate transducer 
attached to the outer wall of the vessel. A similar transducer 
served to pick up the decaying sound field. The experi- 
mental details of this apparatus will be found in a paper by 
Lawley and Reid. 

The reverberation vessel is first filled with degassed water 
which has been kept standing for several days and the 
reverberation times are determined at a number of fre- 
quencies. Then tap water—or other specimen—is sub- 
stituted. The difference in the reciprocal of reverberation 
time—the ‘“‘decay factor” d6—is a measure of the sound 
absorption due to air bubbles. The results for tap water are 
shown in Fig. 2. The curves shown represent the fact that 
the bubbles cover a range of size, peaks being associated 
with the existence of bubbles of diameter d having a resonant 
frequency fo(c/s) according to Minnaert’s“ formula: fod = 
652. (At 165 kc/s this diameter is 40 pt.) 

It will be noted that the prominent peak in curve (a) is 
absent in curve (b) which was recorded half an hour later. 
The larger bubbles disappear at first, then the smaller ones, 
and so the decay constant continues to fall, until finally after 
20 hours it becomes almost identical with that of degassed 
water. Applying Stokes’ law we arrive at an estimate of the 
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size of the bubbles which can reach the surface at the end 
of this period. It is of the order of a micron. 

It is possible to associate a maximum of decay constant 
with the size which resonates to the pulsing frequency and 
the height of the peak with the total resonating volume. If 
the O of the bubbles was infinite then graphs such as those 
of Fig. 2 would delineate, with appropriate change of 


nN 
> 
O 


Decay factor (s') of air bubbles 


400 


600 
Frequency (kc/s) 


Fig. 2. Decay factor of air bubbles in tap water 
(a) on filling; (6) after 4h; (c) after 1 h; (d) after 20h. 
M 


abscissae according to the above formula, the size distri- 
bution curve. Unfortunately for this simple viewpoint, the 
bubbles can be in forced vibration at frequency / off reson- 
ance. The formula derived by Pfriem® accounts for thermal 
damping and viscous damping, the most relevant to this 
case: 

O= 4:45 310-48 fF 


Thus at resonance the radiation damping is independent of 
frequency, whereas that due to heat conduction is pro- 
portional to 1/ fp and at kilocycle frequencies is much greater 
than the radiation damping. This predicted rise in overall 
damping with frequency has been confirmed by Meyer and 
Tamm, Carstensen and Foldy, and others. Lauer‘) 
measured the amplitude of single bubbles over a range of 
forcing frequencies. At a resonant frequency of 1500 c/s 
(radius 2 mm) the amplitude fell to 1/2 times the maximum 
at about 20c/s higher, corresponding to a change in 6 
according to Pfriem’s formula. 

This frequency-dependence of the damping makes it 
impossible to derive precisely the size distribution of the 
gaseous nuclei, though curves such as those of Fig. 2 could 
be corrected for frequency dependence. 


5. TESTS OF PRESSURIZED WATER 


The propensity of natural samples of water to cavitation 
was then tested in the ultrasonic apparatus. The tank was 
filled with de-aerated water so that gaseous cavitation would 
not take place even at maximum sound intensities (40 atm). 
A clean thin-walled glass bulb was filled with tap water and 
introduced into the tank at the focus. The cavitation 
threshold was observed. The bulb with the water was then 
transferred to a pressure vessel in which hydrostatic pressures 
up to 10000 Ib/in.2 could be applied with the help of a 
hydraulic pressure intensifier. (Actually pressures from 
100 Ib/in.2 onwards were applied for 3 to 5min.) The 
pressure was then released and the bulb with the contents 
was again introduced into the tank at the focus. The 
thresholds observed in this manner are shown in Fig. 3 
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for different air contents. These graphs, which are linear, 
show a rapid increase of threshold with the degree of under- 
saturation. In the case of tap water the threshold pressure 
is nearly equal to the hydrostatic pressure. The time-effect | 
of pressurization was also studied. Fig. 4 shows two curves 


Cavitation threshold (atm) 


° 200 
Hydrostatic pressure (Ib/in2) 


400 


Fig. 3: 


represents 100% air-saturated, © represents 90% air- 
saturated, e represents 83% air-saturated. 


Cavitation thresholds after pressurization 


> 
fe) 


300 Ibvin2 


20 x 


100 Ibvin2 


Cavitation potential (V) 


Time (s) 


Fig. 4. Potential required to produce cavitation at 
various times after application of pressure 


representing pressurization at 100 1b/in.2 and 300 lb/in.*| 
The reverberation time of the liquid was also determined 
before and after pressurization. Curve (a) of Fig. 5 shows | 
the condition of water before and curves (b) and (c) after 
pressurization. The total volume of “free-air” in the water 
used in these experiments was measured on the M.E.R.L. 
modification of the van Slyke apparatus (9). The total air 
content was unchanged. The decrease in absorption indi- 
cated by curves (b) and (c) is due to the entrained air going 
into solution. The interesting feature of these curves is the 
finite amount of absorption still remaining, particularly in 
the neighbourhood of 1 Mc/s. 


Ba 
200} 7: 
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uU 
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fe) 200 400 600-800 1000 
Frequency (ke/s) | 
Fig. 5. Effect of pressurization on decay factor of air 


bubbles in water 


(a) at start; (6) S000 Ib/in.2 applied for 24 h; (c) 10000 Ib/in.2 
applied for 24 h. 
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Many other samples of water were investigated. All 
tural waters contain more or less solid matter in suspension 
well as dissolved gases and salts. Two samples of sea 
iter collected near the shore on different days were sub- 
sted to cavitation. They showed a low threshold, lower 
an tap water. The water was allowed to remain undis- 
rbed for a few days. But once again at the end of the 
riod they showed the same threshold. On examination of 
€ air content of the samples they showed undersaturation, 
€ percentage saturation being 85%. It appeared that they 
ntained some air in undissolved form probably entrained 
the action of waves or produced by organisms near the 
rface. The sea water samples were pressurized at 100 and 
0 Ib/in.2 At the lower pressure they cavitated at 15 atm, 
uile at the higher pressure no cavitation could be effected. 
In tap water. vaporous cavitation starts at a threshold 
essure of 4:1 atm. The individual bursts of bubbles are 
st perceptible and they occur roughly at the rate of one per 
inute. The amount of dissolved air has no effect whatever 
1 this threshold. The threshold for vaporous cavitation 
es up quite considerably even for such small applications 
“pressure as 50 to 100 Ib/in.?, but it is not possible to state 
ese thresholds after pressurization ee, as in the case 
gaseous cavitation. 


6. OPTICAL MEASUREMENTS 


Detection of the nuclei by the light (or X-rays) transmitted 
scattered by them is an obvious method, but one fraught 
r grave theoretical and optical difficulties, when, as in this 
se, the objects to be detected cover a range of size. An 
sessment of the difficulties in obtaining a size distribution 
ve for a solid suspension by optical means will be found 
a paper by Ellison.“ 

Experience with nuclei in the acoustical methods of 
tection had taught us that some sorting of sizes with time 
yuld occur from the differential rate of rise of the bubbles 
the liquid and this suggested the use of an optical method 
rich would apply to the delineation of bubble size a com- 
nation of Mie’s and Stokes’ laws. 

The characteristic pattern of light of wavelength A scattered 
-a particle of diameter d depends on the relative refractive 
dex: m of the particles and the medium and the parameter 
= md/X. When d < A the intensity of the scattered light 
proportional to | + cos? @ where @ is the angle between 
e directions of the incident and the scattered light, and so 
symmetrical about the direction of the incident light—as 
11 as about a perpendicular direction. As d approaches A 
ore light is scattered in the forward than in the backward 
rection. 

The scattering envelope of a sample of purified water is 
own in Fig. 6. After aeration at a pressure of 15 Ib/in.?, 
e scattering is shown in the same figure for different 
tervals of time. The curves are typical of many observa- 
ys made. They reveal the following features: 

(a) The curves are disymmetrical about an axis per- 
ndicular to the light path, the scattering in the forward 
rection being much larger. 

(6) The minimum of the envelope is displaced in the 
ckward direction. The magnitude of this displacement 
creases progressively with increasing time. 

(c) The symmetry which is the characteristic of purified 
iter is not attained even after long standing. 

Depending on the number of the largest bubbles present, 
= minimum will be shifted from the 90° position in the 
ckward direction. After the large bubbles have risen, the 
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smaller bubbles which are left behind, while scattering less 
light, will give rise to a minimum which is nearer the 90° 
position. This process will continue until the smallest 
bubbles are left in the liquid. 

Tables for the coefficient k which, on the basis of the 
theory of Mie for a refractive index of 0:8, must be used to 
multiply the surface of a bubble to give its effective scattering 
area in the expression for the obliteration of the light 
(i.e. k7d?/4), have been constructed by Lowan er al.!”) 
From these, it is apparent that the correction for the value 
of k being different from that pertinent to geometrical optics 
becomes necessary when d< 5A. (The theory, of course, 
still requires that the concentration of bubbles should not 
be so great that one individual can interfere with the shadows 
of others in the light beam.) 
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Fig. 6. Variation of intensity of scattered light (A = 


4080 A) in water 
(a) degassed; (b) aerated, at start; (c) aerated, after 1h; 


(d) aerated after 10h. The readings on curve (a) are magnified 
five fold. 


In order to estimate the size of the bubbles it is necessary 
to compare the curves of Fig. 6 with those of the theory. 
From the position of the minimum and the amount of 
asymmetry in the experimental curve the estimated bubble 
size is 0-8 yz in long standing water. 

Attempts to estimate the number of bubbles in unit volume 
of water based on light transmission measurements, have 
shown that in freshly drawn tap water the number increases 
with decreasing bubble size and reaches a maximum for a 
bubble diameter in the neighbourhood of 40 ~. The number 
of smaller bubbles rapidly falls until it is one (or less) per 
cubic centimetre below a size of 30. It is interesting to 
note that the maximum number of bubbles has a diameter 
round about 40 which confirms the observation made 
earlier using the reverberation method (maximum decay 
rate at 165 kc/s). 


7. CONCLUSION AND ACKNOWLEDGEMENTS 


The acoustic method is superior to the optical method in 
precision, and is, in fact, well suited to the estimation of 
gaseous nuclei in water. Nevertheless the separate estimation 
of both their mean size and number remains a difficult and 
tedious process. 

This work was carried out under contract to the Mechanical 
Engineering Research Laboratory (D.S.I.R.) and is published 
with the permission of the Director. 
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Measurements of pressure distribution between metal and rubber 
covered rollers 
By G. J. Parisu, B.Sc., The British Cotton Industry Research Association, Shirley Institute, Manchester 


[Paper received 17 September, 1957] 


Measurements of pressure distribution in the nip between a metal roller and a roller consisting 

of a thin rubber cover on a metal shell under various conditions of load, cover hardness and 

cover thickness are described. The results, although in qualitative agreement with Hannah’s 

theory, show appreciable deviations from the quantitative theoretical predictions, and the 
possible causes of this discrepancy are discussed. 


An experimental study has been made of the pressure distri- 
butions in nips between two rotating rollers where one of the 
rollers is of metal and the other consists of a metal shell 
carrying a relatively thin rubber cover. The apparatus with 
which the measurements were carried out has been described 
in a previous paper“; a pressure-transmitting pin is carried 
in a radial hole in the metal roller with its outer end flush 
with the roller surface and its inner end in contact with a 
glass block on the roller axis. The photoelastic effect is used 
to convert the load variations on the pin as it passes through 
the nip into intensity variations in a beam of polarized light 
passing along the roller axis. The light falls on a photocell 
and the resulting voltage variations are amplified and dis- 
played on a cathode-ray tube. The rollers employed in the 
experiment were typical of those in use for mangling in the 
textile industry, but as similar roller systems are used in 
many other industrial processes the results should be of more 
general application. 

All the measurements to which this article refers were 
made without any material interposed between the rollers; 
experiment having shown that the properties of the nip are 
governed primarily by the properties of the “‘soft’’ roller, 
and the presence of a textile fabric of normal thickness 
introduces only minor differences. 


THEORIES 


The theory of stress distribution between two bodies in 
contact was first investigated by Hertz, and his results 
have been quoted by several writers.@) This theory applies 
in general to the stationary contact of homogeneous bodies 
when the dimensions of the contact region are small com- 
pared with the dimensions of the bodies. The case of two 
rollers, one of which is assumed perfectly hard, in contact 
with their axes parallel is a particular form of this problem; 
it has been investigated by Thomas and Hoersch. Their 
solution is given for conditions of plane strain. 

The important features of a nip between two rollers are 
the nip width (the width of the contact region in the direction 
of rolling) and the form of the pressure distribution through 
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the nip. With one hard and one homogeneous elastic roller 


the nip width is given by 


, _ 2WD( — 7) 
hos TE 


assuming plane strain, 


where 2h is the nip width, 
W is the applied load per unit length of the rollers, 
Eis the Young’s modulus of the elastic roller, 
7 is its Poisson’s ratio, and 


1/D = 1/D, + 1/D,, D,; and D, being the roller diameters. 
The form of the pressure distribution through the nip is 


P(x) = Py, [1 — x2/AR] (2) 


where x represents distance measured from the centre line 
of the nip (—hy < x < hg), 
P(x) is the pressure at point x, and 
P,, is the maximum value of this pressure (x = 0). 


Since it is assumed that the roller diameters are large com- 
pared with the nip width, the shape of the pressure distri- 
bution curve is independent of the values of the nip 
parameters. 

A treatment of the problem when the soft roller is not 
homogeneous but consists of a thin elastic cover on a hard 
supporting core has been given by Hannah.©) It is shown 
that both the nip width and the form of the pressure distri- 
bution now depend upon the additional parameter, the cover 
thickness, b. The change in nip width is given by the ratio 
h/hg for given values of the nip parameters, where 2h denotes 


(1) | 


the nip width obtained with a cover of thickness b. The’ 
change in shape of the pressure distribution curve is con-} 


veniently shown by using the ratio peak pressure/mean 
pressure, P,,,/P, as a measure of this shape. Its value for a 
homogeneous elastic roller (equation 2) is 4/7 (1-27). 
Hannah’s treatment leads to the conclusion that the two 
factors h/hy and P,,/P depend only on the ratio nip 
width/cover thickness, 2h/b (Hannah, in fact, uses K = A/2b 
as the appropriate factor; in the present article 2h/b will be 
used). As 2h/b increases from zero Hannah predicts a 
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crease in A/hg and an increase in P,,,/P; her results, how- 
er, are quoted for conditions of generalized plane stress. 
nce the present experimental conditions must correspond 
uch more closely to plane strain it was thought desirable 
obtain results appropriate to these conditions, particularly 
ice any difference between results on the two assumptions 
ll be at its greatest for a material, like rubber, which has a 
yisson’s ratio of almost 0-5. 

Making the usual modification of the elastic constants,” 
sults have been computed from Hannah’s solution for 
nditions of plane strain with a material of Poisson’s ratio 
5. The computation has been carried out for three values 
2h/b, and the results are shown in Table 1. Comparison 
ith the results given by Hannah will show that the assump- 
mn of plane strain increases somewhat the deviations of 
hy and P,,,/P from the values appropriate to homogeneous 
llers. The theoretical curves shown in the figures in this 
yper are derived from the data given in Table 1. 


able 1. Nip parameters for conditions of plane strain and 
Poisson’s ratio of 0-5 


K 0-4 0:7 1:0 
2h/b 1:6 28 4-0 
ay 0-136 0-481 0-928 
a> 0-008 0-030 0-052 
a3 —0-001 —Q-005 —0-009 
B} : 
m 4 
=| = —C,(K. i Es 5 4 
el Col .0)| 1°31 1-39 1:45 
h 
rg ba C\(K)] 0-80 0:62 0-50 
‘0 


The symbols K, a,, a>, a3, C\(K), C>(K, 0) are those used 
by Hannah.©) 


H EXPERIMENTAL PROCEDURE 


‘The machine on which the experiments were made has 
xen fully described in the paper referred to above”); it is 
7draulically loaded and accommodates three rollers, the 
‘tre one of which is the soft roller. The pressure pin is 
tried in the top roller which is of mild steel and 14 inches 
diameter. This roller alone is positively driven. 

Two rubber-covered rollers’ of different diameters and 
over hardnesses were used in the experiments, and the cover 
licknesses were changed by grinding, one roller being used 
- two cover thicknesses, the other at three. These rollers 
bre constructed in the normal manner with a thin layer of 
ird vulcanized rubber, about ;>in. thick, between the 
‘etal shell and the softer rubber cover. It has been assumed 
‘at only the outer rubber layer contributes to the nip forming 
foperties of the system; that is, the cover thickness, 5, has 
ten taken as the thickness of this layer. The hardnesses 
i the covers were measured, on the rollers, with a Wallace 
Scket Hardness Meter reading in ° B.S. hardness, and a 
‘ad/extension curve for one of the rubber mixes was also 
lailable. 

-The majority of the measurements were carried out at a 
ler surface speed of 7 ft/min, but a few were made at 
gher speeds, up to 42 ft/min. Three or four pressure distri- 
ations were recorded during each run, and a mean curve 
as obtained from these. The correction for compression of 


In the present instance the change from generalized plane 
‘ess to plane strain is made by replacing of = 7/(1 + 7)] by » 
d E by E/( — 72) in Hannah’s equation (10). 


the pressure pin assembly under load was applied where 
necessary.) 


RESULTS 


Examination showed that all the pressure distribution 
curves were very closely symmetrical in shape and that their 
peaks lay on the line of centres of the rollers within the 
accuracy of measurement of the position of this line. A 
change in roller speed was found to have no significant effect 
on the shape or magnitude of the pressure curve. Most of the 
pressure distributions were noticeably different in shape 
from the theoretical distributions. Fig. | shows a typical 
pressure distribution curve, obtained with a value of 2h/b of 
about 4, compared with the theoretical curves. 

The ratios P,,,/P can be computed directly from the shapes 
of the pressure curves, and the curves also give the nip width 


PRESSURE —>— 


POSITION IN NIP 


Fig. 1. Comparison of pressure curve shapes 


Both pressure and position in nip are shown in normalized 
co-ordinates. 
: recorded curve, roller A2, 2h/b = 4-03. 
—  — —:; Hannah’s theory, 2h/b = 4, plane strain, 7 = 0-5. 
+ : Simple theory. 
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Honnoh's theory 
(plane strain, 7-0-5) 
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Fig. 2. Variation of P,,,/P with 2h/b 
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Table 2. Details of rubber covered rollers 


Hardness by 
Diameter Cover thickness Wallace meter 
Roller (in.) (in.) (5 BAS.) 

Al 18-9 0-38 88 
A2 185 0-19 88 
Bl 11-0 P25) 71 
B2 9-75 0-62 2. 
B3 8-8 0-15 78 


Corresponding Young’s modulus from Selected 
Young’s modulus load/extension Curve Young’s modulus 
(Ib. in. ~?) (Ib. in. ~2) (Ib. in.~?) 

2600 

aus 2550 
2600 2600 
900 900 
950 900 
1300 1200 


sg 


for the calculation of 2h/b; these results are presented in 
Fig. 2. To make a comparison of nip widths it is necessary 
to know the Young’s modulus of the rubber cover for the 
determination of ij. The hardness meter readings can be 
used to give a value for Young’s modulus; values calculated 
in this way were found to be in good agreement with the value 
from the load/extension curve where the comparison could 
be made. The results are shown in Table 2 which also 
includes other details of the rollers. The increased hardness 
reading shown by B3 is probably due to some extent to the 
thinness of the cover affecting the meter reading but must be 
largely due to a true difference in hardness (possibly the 
result of increased curing near the metal shell). The selected 
Young’s modulus has been adjusted to allow for the probable 
proportions of these two factors, but this value must be 
somewhat less accurate than the others. 

The value of Ag is calculated from equation (1) using the 
appropriate value of E£ and putting 7 = 0-5, and with W 
determined from the area under the pressure curve (a check 
on this value is provided by measurement of the hydraulic 
line pressure); a plot of h/hp against 2h/b is shown in Fig. 3. 


08 


Honnah's theory 
(plane strain, 7+0°5) 
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MEASURED NIP WIDTH (2h) 
NIP WIDTH ON SIMPLE THEORY (2h,) 
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MEASURED NIP WIDTH (2h) 


0 1 2 
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Fig. 3. Variation of h/hy with 2h/b 


DISCUSSION 


The experimental results shown in Figs. 2 and 3 are in 
qualitative agreement with Hannah’s theory in that the values 
of P,,,/P and h/hy are determined by the value of 2h/b and 
in the direction of the change of these ratios with change in 
2h/b, but quantitatively the changes produced are signi- 
ficantly greater than predicted. 

The A/hg results show somewhat more scatter than the 
P,,/P results, as is to be expected since they involve not 
only the uncertainties in the value of Young’s modulus, but 
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also the errors in absolute measurement by the pressure 
recording apparatus (for the determination of W). 

There is some evidence for branching of the empirica 
curves at high values of 2h/b( > 3), but the results in this 
range were all obtained with very thin covers, the thickness 
of which is difficult to measure accurately. In fact, because 
of slight distortion of the vulcanite layer during the rubber 
curing process, this thickness has no unique value. There 
seems therefore no good reason for drawing other than the 
single curves shown in the figures. In view of the qualitative 
agreement between the experimental results and the theory. 
these curves have been drawn so as to agree in the limit with 
the theoretical values for homogeneous rollers. 

Several possible reasons for the discrepancy between the 
experimental and theoretical results can be envisaged. The 
theoretical treatment is based on the following assumptions, 
none of which is satisfied exactly by the experimental 
conditions: 


(a) the nip width and the cover thickness are small com- 
pared with the roller diameters, 

(6) strains are infinitesimal, 

(c) the material of the cover possesses linear elastic 
properties, and 

(d) the rollers are stationary. 


It should be pointed out that the suggested agreement 
between the theoretical and experimental results at very 
small values of 2h/b does not itself rule out any of these 
assumptions as the source of the discrepancy, since all the 
covers are relatively thin and therefore small values of 2h/é 
can only be obtained from very small nip widths; that is. 
under conditions in which the first three theoretical assump- 
tions are more nearly satisfied. 

The results show no evidence that the discrepancy is due 
to the relative sizes of nip width or cover thickness and roller 
diameter; for example, the largest values of 2h/D are shown 
by rollers B1 and B2 which give a value of 0-33 at 2h/b = 1-6 
and 3-1 respectively; the values given by A2 and B3 (at 
2h/b = 4-2, 4:5) are appreciably smaller than this. A 
similar consideration rules out the finite strains; if the mag- 
nitude of the maximum rubber indentation divided by the 
cover thickness is taken as a measure of the strain, the 
largest values are again shown by rollers Bl and B2. 

The most likely cause of the discrepancy is non-linearity 
in the elastic properties of the rubber. The load/extension 
curve for the rubber mix used for roller 4 shows a certain 
amount of curvature, and it is possible that the curvature is 
increased under dynamic conditions. Any other effect due 
to the experiments being performed with the rollers rotating 
does not seem likely; a significant tangential force at the nip 
would be expected to distort the pressure distribution curve 
and also to vary with speed. It may be added that the 
characteristic curvature of a rubber stress/strain curve in 
compression (towards the stress axis) is of the correct form 
to account qualitatively for the observed behaviour as 
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regards the shape of the pressure distribution through the 
nip. 
| In conclusion it may be stated that the empirical curve in 
Fig. 3 has been applied to the calculation of nip widths on a 
onsiderable number of textile mangles having rubber- 
2overed rollers and has given results in good agreement with 
neasured nip widths. 
fe 
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A method for determining “Na and “K when present together 
in liquid samples 
By M. P. Esnour, M.A., B.Sc.,* Department of Biochemistry, University of Oxford 
[Paper first received 30 September, and in final form 19 December, 1957] 


A simple method has been described for the separate determination of 24Na and 4K in liquid 
samples, which is based on the differential absorption of £-particles. The relative concentrations 
of the isotopes are estimated from the difference in the observed counting rates of a sample 
when it is measured in a type M6 tube and in a modified M6 tube. 


Details are given for the 


necessary modification of the M6 tube. 


na study of the movement of sodium and potassium in 
‘issues by means of isotopes, the long lived isotope ??Na 
half-life 2-6 years) and the short lived isotope **K (12:4 
1ours) have been used. However, since ?*Na is not cheap, 
_xperiments were conducted to test whether a method could 
ye devised whereby **K could be estimated in the presence 
ofa short lived isotope of sodium 74Na (half-life 15-06 hours). 
he physical methods available for the individual deter- 
‘aination of mixture of two isotopes depend on a difference 
Jither between the half-lives, or between the characteristics 
)f the emitted radiation. In the case of these two isotopes, 
hich have similar half lives, the first technique is not 
»ractical. On the other hand there is a difference between 
he emitted radiation of *4Na (2:76 MeV y : 1:36 MeV y : 

-39 MeV B in coincidence), and “7K (82% 3:58 MeV B : 

8% 2:04 MeV B + 1-51 MeV y).@ An analysis of the 
eray spectrum revealed that the isotopes could be estimated 
‘o an accuracy of not greater than 10% and, since only 18% 
of the disintegrations of 47K resulted in the emission of 
‘-rays, the estimation of **K in the presence of a high pro- 
Feion of 24Na was unreliable. 

Because of this an attempt was made to differentiate 
Psicen the two isotopes, taking advantage of the different 
nergies of the B-particles. Since it was desirable to deter- 
nine the concentration of the isotopes in liquid samples, 
-xperiments were performed employing a counting tube of 
he type described by Veall.©) It was found impracticable to 
-etermine the composition of mixtures of the two isotopes 
‘com the difference in the counting rates obtained by using 
\bsorbers of different thicknesses. The effect of increasing 
he size of the annular liquid space on the counting rate was 
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calculated for both 24Na and 47K.% It was found (see 
figure) that, while at a liquid space of 2 mm ?4Na was counted 
at almost infinite thickness, an enlargement of the space 
resulted in an increase in the counting rate in the case of 
42K. From this it appeared that, if the isotopes were counted 


Counting rate (arbitary units) 


Annular thickness (mm) 


Effect of the annular space on the observed counting 
rate in a liquid counting tube 


A, #2K; B, 42K + 80 mg/cm? Al; C, 24Na; 
D, 74Na + 80 mg/cm? Al. 
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at two different thicknesses of liquid, then the proportion of 
each isotope present in a mixture could be calculated from 
the increase in the counting rate. Therefore, the solutions 
were counted in two counting tubes, one of which had a 
wider annular space than the other. 

Since this method depended on the self-absorption of the 
solutions it was necessary that the densities of the standard 
and unknown solutions were approximately equal. This did 
not affect the difference in the counting rates for solutions 
containing 74Na when measured at liquid thicknesses greater 
than 2mm. However, there were small differences in the 
counting rates for samples containing 47K. In order to 
reduce this dependence on density an absorber (80 mg/cm?) 
was introduced into the counting tube with the larger annular 
space. 

The percentage decrease in the counting rate which resulted 
from an increase in the density of the liquid was the same 
whatever the counting rate. Therefore, when the counting 
rate was reduced by one-half by the absorber, the loss in 
total counts was also reduced by one-half, and the error 
brought about by differences in the densities of the liquids 
was reduced to the same extent. 

Accordingly, a modified type M6 counting tube was 
constructed with the co-operation of 20th Century Elec- 
tronics Ltd. In this tube the thickness of the glass window 
of the counter was increased from 35 to 115 mg/cm? and the 
annular space from 2 to 3:5mm. These changes made it 
necessary to reduce the diameter of the counting element 
from 16 to 12 mm so that it could be used in a conventional 
lead castle. The reduction in the diameter of the counter 
did not reduce the counting efficiency for f-particles, but 
brought about a small decrease in the sensitivity of y-rays. 
The volume of solution required for this special counting 
tube was 17 ml. 

The apparatus was calibrated using solutions of 74Na,CO; 
and 4*K,CO, dissolved in hydrochloric acid. The salts were 
provided by the Isotope Division, Atomic Energy Research 
Establishment, Harwell. 

The counting rate for a particular sample was measured 
simultaneously in the special tube and a type M6 tube (by 
20th Century Electronics Ltd.) using two scalers for which 
the dead time had been adjusted to 300 ys. A single scaler 
could be used, however, provided that the activities were 
determined within a short time of each other. The samples 
were counted to an accuracy of 1°% (10000 counts) and cor- 
rected for background and dead time. From the difference 
in the ratio of the activities measured in the two counting 
tubes (Table 1) it was possible to determine the relative 
activities of *4Na and 47K in the mixtures by using equations 
(1) and (2) (Table 2): 

Counts/min observed with M6 = sum of counting rates due to 


24NNa sh Qk (1) 


Counts/min observed with special tube = 0:315 *4Na + 
+0:722 2K (2) 


Since this technique depended partially on the self-absorption 
of the liquid sample, the solutions which were used for 
calibrating the apparatus were made to have the same density 
as the solutions used in subsequent experiments. 


Table 1. Comparison of the counting rates of samples of 
24Na and 42K measured with the special and M6 counting tubes 


Counts|/min 


M6 Special Mean ratio special] M6 

6597-5 2055°8 

6598-7 2067-3 0-315 
24Na 6473-6 2042-4 +0-0023 

6497-8 2092-8 

5779-4 4225-5 

Dae 2 4172-7 0-722 

5711-4 4088 -7 +0-0044 
a2K, 5633°8 4020-4 


Table 2. Analysis of mixtures of 24Na and **K 


Calculated Observed 
Counts|mil. Counts/ml. 
Na K Na 
1101 3427 1029 S53 
2063 1428 ZAG BIS) 
83-5 3430 98-9 3451 
3968 175 3904 180 
835-4 2800 807 2834 
2924 1050 2944 1045 
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“he physics of electrical contacts. By F. LLEWELLYN JonEs. 
(Oxford: The Clarendon Press; London: Oxford 
University Press, 1957.) Pp. xii-+ 219. Price 35s. 


“his book is an addition to the well-known series of 
(Aonographs on the Physics and Chemistry of Materials, and 
3 concerned with the fundamental physics of a subject. of 
‘ery great practical importance. The reliability of the 
-utomatic telephone service, for example, is a tribute to the 
‘echnical efficiency of many designs of contacts, but in the 
ph for solutions of a large number of immediate individual 

»ractical problems some of the fundamental physics of the 
rocesses involved have received inadequate attention. 
vhere has been some improvement in the position recently 
‘ue, among others, to a group at Swansea under Professor 
/Jewellyn Jones who is, therefore, well qualified to write a 
juide book for those wishing to learn more about the 
vhysics of contacts. 

The author first states the problems involved, and points 
ut that when a circuit is broken the behaviour of the contacts 
javolves physical properties of the electrode materials right 
|p to their boiling points. Indeed, Chapter VI is concerned 
|7ith the properties of metals at high temperatures, and how 
‘he study of a fine metal bridge between two large masses of 
‘he same metal can give information on these properties. 
such a bridge may be formed during the operation of a 
jnake-and-break contact, and chapters are devoted to the 
sheories of their formation, to the general study of transfer 
of metal from one electrode to the other, and to erosion. 
here is an informative chapter on discharge phenomena, 
vith particular reference to erosion, containing a clear and 
oncise account of the main factors involved. With relatively 
igh-power high-voltage d.c. circuits the formation of an arc 
‘ischarge is considered to be practically certain, so that the 
hief design problems are to extinguish it as soon as possible 
nd to minimize the cumulative damage caused by the arc. 
“o solve these problems an understanding of the basic 
)hysics must be alloyed with a knowledge of good engineering 
oractice. The last chapter is concerned with various contact 
»henomena ascribed to surface films. 

In the book as a whole, there is a good balance between 
heory and experiments, with the main emphasis on recent 
work. There is a useful bibliography, and some excellent 
shotographs. There are remarkably few slips and misprints, 

\nd the production is well up to the normal high standards 

)f the Clarendon Press. F. A. Vick 


| 
| 


| 
| 


tadioactive materials and stable isotopes. Catalogue No. 4. 
(Harwell: Atomic Energy Research Establishment, 
Isotope Division, 1957.) Pp. 221. Free on application. 


‘tis not often that one meets with what is, in effect, a com- 
aercial catalogue and price list but which contains such a 
‘aass of detailed information that it can serve as a most 
useful work of reference. 

The book under review gives details of the radioactive 
sotopes offered by A.E.R.E. Harwell and their cost to the 
ser. Of its 221 pages, 139 are devoted to the 136 isotopes 
if 74 elements. The details given are the half-life, the type 
ind energy of radiation, the process by which the isotope is 
»roduced, and a list of the isotopes which may occur as 
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impurities. Details also appear of the material of which the 
irradiated target consists and the maximum quantity which 
can normally be irradiated at one time. There follow the 
thermal neutron absorption cross-section, the excitation 
cross-section and specific activity produced after one week 
or four weeks of irradiation or at saturation. Finally there 
is the price per irradiation unit after one or four weeks’ 
irradiation. 

In addition to this information about the actual articles 
which constitute the catalogue, and the commercial details 
concerning sales conditions overseas, packing, transport, 
etc., which one expects in such a book, there are short notes 
on the preparation of radioisotopes, health hazards, an 
explanatory guide to the terms used in the book, and data 
which are necessary in regard to those isotopes which are 
used for gamma radiography and therapy. 

In the article on health hazards the reviewer feels that it 
would be of help to many readers if, in a future edition, it 
were possible to define what is meant by ‘‘very high,”’ “high,” 
‘“‘moderate”’ and “‘low’’ toxicity. To the layman such terms 
are probably more indefinite than to the doctor or health 
officer, and some indication of permissible concentration 
would be very useful. 

The book is sure to be a helpful work of reference in a 
difficult and rapidly growing subject. W. E. SCHALL 


Metallurgy of the rarer metals. No. 2. Zirconium. 2nd 
ed. By G. L. MILLER. (London: Butterworth’s Scientific 
Publications, 1957.) Pp. xxi-+ 548. Price 70s. 


Zirconium may with justice be said to have, out of all the 
members of its group of refractory metals, a special claim on 
the attention of the physicist. It shares with titanium, 
tantalum and niobium exceptional resistance to corrosion at 
temperatures up to about 400° C (through the existence of a 
tough, adherent, self-healing surface film of oxide), but it 
also, when free from hafnium, has the extremely low absorp- 
tion cross-section for thermal neutrons of 0-18 barn. It 
thus has been of considerable interest as a material of con- 
struction in atomic reactors and their related equipment as 
well as in thermionic values and in other applications where 
its resistance to chemical attack is put to good account. 

In the short period since the publication of the first edition 
of this excellent monograph (in 1954), there has been a con- 
siderable relaxation in the controls on “‘classified’’ information 
regarding many aspects of the properties and use of zirconium. 
As a consequence, Dr. Miller has found it necessary to 
increase the number of pages from 382 to 548, and a com- 
parison of the two editions makes it evident that considerable 
re-writing has been undertaken to incorporate much new 
information and to bring the matter up to date. In the 
general revision, the somewhat artificial distinction between 
physical and structural properties has been abandoned and 
both are now considered in one chapter, with advantage of 
clarity and logical order. This new edition should enhance 
the reputation which this volume already has gained as a 
comprehensive, critical and authoritative survey of present-day 
knowledge of this interesting metal. It can be unreservedly 
recommended as a source book and a wholly reliable work 
of reference. J. C. CHASTON 
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Molecular physics 

We have received the first issue of a new quarterly 
periodical entitled Molecular physics, edited by Professor 
H. C. Longuet-Higgins of Cambridge, and published . by 
Taylor and Francis Limited. The group of scientists from 
different countries, to whom the journal owes its establish- 
ment, felt the need for bringing together papers on the 
physics of molecules which might otherwise be missed. The 
new journal will deal particularly with: (1) molecular 
structure and dynamics, (2) the electric and magnetic pro- 
perties of molecules, and the processes of molecular excita- 
tion, ionization and dissociation, and (3) the equilibrium, 
transport and relaxation properties of molecular assemblies. 

The price of the annual volume is £4 15s. ($13.30) including 
postage, and single parts £1 Ss. ($3.50) plus postage. Orders 
should be sent to the publishers, but those originating in 
U.S.A. and Canada should be sent to the Academic Press 
Inc., 111 Fifth Avenue, New York 3, N.Y., U.S.A. 

We wish the latest of the many additions to our con- 
temporaries all success. 


Nuclear engineering monographs 

A new series of monographs on nuclear engineering subjects 
has been issued under the general editorship of Mr. W. K. 
Mansfield, of the Nuclear Engineering Laboratory, Queen 
Mary College, London. The monographs are intended for 
university and technical college students, research assistants 
and qualified technicians who require a broad understanding 
of those topics of nuclear engineering outside their own field 
of study. The depth of treatment in the specialized works 
currently available is often too great and the cost too high 
for this category of reader and in producing this relatively 
inexpensive series in association with their monthly journal, 
Nuclear Engineering, the publishers have attempted to meet 
the requirement of low cost and at the same time provide a 
broad treatment ranging from elementary principles to up-to- 
date summaries of more advanced theories. The first three 
titles received are Elementary nuclear physics, by W. K. 
Mansfield (price 10s. 6d.); Nuclear reactor theory, by J. J. 
Syrett (price 12s. 6d.); and Reactor heat transfer, by W. B. 
Hall (price 10s. 6d.). The monographs are published by 
Temple Press Books, Bowling Green Lane, London, E.C.1. 


Instruments, Electronics and Automation Exhibition, 1958 

The Instruments, Electronics and Automation Exhibition, 
to be held at Olympia, London, from 16-25 April next, will 
show the latest advances in scientific instruments—laboratory, 
industrial and medical, automation and industrial control 
equipment, telecommunications, radar and navigational aids, 
computers and many other applications of electronics and 
instrumentation. 

Admission to the exhibition will be by tickets to be dis- 
tributed by the exhibiting firms or upon payment of 2s. 6d. 
at the door; it will be open from 10 a.m. to 6 p.m. daily, 


comments 


except on Friday, 18 April, and Wednesday, 23 April, whe 
the Exhibition will remain open until 9 p.m. There will 
lectures each day on subjects relative to the exhibition. 


New literature on atomic industry 

The Atomic Industrial Forum has announced the avail, 
ability of papers from sessions of its recent conference or 
“The 1957 nuclear industry.”” The papers cover 20 primary 
areas of interest to individuals involved in nuclear develop} 
ment today, or those who are planning activity in this fiel 
in the future. 

The subject areas for which sets of papers are ayailabld 
include: research and test reactor progress, uranium pro} 
duction, radiation applications, appraisal of the atomid 
industry, U.S. power reactor experience, reactor fue 
reprocessing, instrumentation responsibilities, financing, U.S 
power reactor programme in review, reactor fuel manufactur 
and handling, progress in nuclear standardization, lega: 
problems, atomic activities outside the United States, reactor} 
components and accessories manufacture, economic incentive 
in the nuclear industry, information and training, factors 
affecting power reactor construction, marketing, financia 
protection against nuclear liability and advanced reacto 
concepts. An average of five individual papers are listed under: 
each subject area. 

A complete conference paper catalogue is available fro 
the offices of the Atomic Industrial Forum, 3 East 54th 
Street, New York, U.S.A. 
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Contents of the April issue 


ORIGINAL CONTRIBUTIONS 
Papers 


An improved Czochralski crystal-pulling furnace. By K. H. J. C. Marshall an: 
R. Wickham. 

An a.c. velodyne integrator. By J. B. Sharp and R. W. Williams. 

The flash photography of a deep field of view. By F. de S. Barros, D. M. Binni- 
and B. D. Hyams. 

A simple instrument for the periodic application of controlled bi-axial strains 
By P. U. A. Grossman. 

An automatic quartz-fibre electrometer.. By M. C. B. Russell and J. Leng. 

Decade flux linkage generators. By T. M. Palmer. 

A recording double-beam attachment for the Unicam type SP500 spectrophoto- 
meter. By J. L. Hales. 


Laboratory and workshop notes ' 
peers pssst with the bridged-T network. By J. K. Choudhury and 
5, G.aSens 
An adjustable geared coupling for misalined shafts. By A. L. Sims. | 
Apparatus for measurement of thermal E.M.F. in semi-conductors. By J. C. 
Brice and H. C. Wright. 
A sensitive and quickly made water flow switch. By G. W. Green. } | 
A device for the preliminary cutting of single-crystal metallic rods to a desired 
orientation. By T. B. Vaughan. 
Preparation of fine wires for metallographic examination. By G. L. Davis. 
An economical safe hand-controlled device for raising small quantities of liquids 
by compressed air. By W. S. Sebborn. 


NOTES AND NEWS 


Correspondence 


On the optical properties of a biprism combined with a coarse grating. From 
G. M. Sreekantath and C. A. Verghese. 
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Manufacturers’ publications 
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SPECIAL ARTICLE 


| Physical methods of investigating chemical problems* 
| By R. J. Taytor, B.Sc., F.Inst.P., Research Department, Unilever Limited, Port Sunlight, Cheshire 


| [ INTRODUCTION 

In these days when nuclear physics is so much to the fore- 
front it may seem a little mundane to consider an aspect of 
research in which physics serves—at least superficially— 
_more as a handmaid to chemistry in the sense that the problems 
_to be solved are basically chemical in nature. It is not really 
_mundane: the problems may not have the glamour of those 
-of nuclear physics, but they are not dull or unimportant. 
| There are many problems—even in industrial chemical 
 research—that cannot be solved by chemical methods alone, 
-or would need a long time for solution, and it is here that 
physical methods are providing the more powerful tools of 
.research. One may instance the structures of penicillin) 
and vitamin B12 as two problems of much scientific interest 
| that have been solved in this way, in part by infra-red analysis 
but mainly by X-ray analysis. 


| CONTRIBUTIONS OF PHYSICS AND PHYSICISTS TO 
CHEMICAL RESEARCH 


The recognition that physics can contribute usefully to 
chemical research is a comparatively recent phenomenon. 
In fact, it was not until the emergence of spectrophotometry 
in the 1930’s that the star of the physicist began to rise in the 
chemical world. It is difficult to realize this today when one 
considers the techniques that have since been introduced and 
-are now well established. Next to visible and ultra-violet 
-spectrophotometry, X-ray spectrometry and electron micro- 
-scopy have probably served longest in this field, followed 
-more recently by infra-red and Raman spectrometry and by 


mass spectrometry. Other useful but more limited techniques 
-are those of differential thermal analysis, thermal diffusion 
i and zone melting. One must mention also the various 
| techniques that are ancillary to chromatographic methods of 
.separation: the Schlieren optical system and the differential 
refractometer used in adsorption or partition chromatography, 
-and the catharometer, gas density balance and ionization 
gauge used in vapour phase chromatography. There are the 
mewer techniques of magnetic fresonance—already being 
actively developed. in America and to a lesser extent in this 
| -country—which will be of further valuable help to chemical 
‘research. Finally, and in a slightly different capacity, there 
| is radio tracer work which calls for a close fusion of the efforts 
| of physicists and chemists. 
’ Moreover, advances in instrumentation in the older tech- 
‘niques have made their usefulness more generally acceptable. 
One may think nostalgically of the old visible region spectro- 
photometer with its optical principles barely hidden from the 
inquiring eye—still good for teaching or for demonstrating 


| 
) 


* Based on a lecture given to the Liverpool and North Wales 
Branch of The Institute of Physics in Liverpool on 8 February, 1957. 


| The scope that exists for physicists in chemical research is greater than many physicists realize. 
; Applications of physical methods to chemical problems have increased rapidly during recent 
| years and a wide literature has grown up around them. A brief review of physical techniques 
in current use is given, together with a detailed illustrative study of two problems, the removal 
| of fishy flavour from vitamin A oils, and the relationship of polymorphic form to the characteristics 
| of glyceride oils. The study is treated discursively to bring in matters of related interest. 


to V.I.P.’s—or of the drill necessary with the ultra-violet 
photographic instrument; but the introduction of photo- 
electric instruments marked a significant advance, particularly 
in quantitative accuracy, although one might sometimes miss 
fine absorption structure that would be immediately obvious 
in a photograph. Now the age of recording spectrophoto- 
meters has been reached, and the spectrum can be scanned 
automatically from 1850 A through the ultra-violet and visible 
regions to the near infra-red as far as 2:5 w. Not in one run, 
of course, for different light sources are required, but a quite 
complicated spectrum that formerly would take up to two 
hours to map manually now takes only twenty minutes, with 
no fine structure missed. 

Instrumentation, however, is a dangerous word for physicists 
for often it obscures the role they play. One is tempted at 
times to pose the question, “When is a physicist not a 
physicist?” in order to provoke the answer ‘“When he is an 
instrument technologist.” For it is in the guise of instrument 
technology that many of the contributions of physics are 
being introduced to the chemical world. Paradoxically, one 
could just as reasonably ask, ‘“‘When is a physicist a physicist?”’ 
for although the methods of attack are those of physics the 
reasoning and deductions are often those of chemistry. 

A physicist in the present context needs to maintain his 
knowledge on a wider basis than the man whose research is 
physics. He needs to recognize what physical methods may 
be applied to the problem in hand and how to apply them. 
He is concerned with both methods of isolation and non- 
destructive methods of identification. He needs to assess new 
physical methods that may be developed in relation to the 
problems awaiting solution. And he needs to know a little 
chemistry. While it is true that instruments and apparatus 
have been developed that can be operated by trained assistants 
—and chemists—the basic understanding of the methods and 
their uses rests with the physicists. 

There is already an adequate literature on the applications 
of physical methods and there is no need here to state more 
than that it exists. Moreover, merely to describe methods 
and their uses would leave no clear picture of their usefulness 
and so, to present them in another, less detached manner 
just two examples will be given of industrial research problems 
within the experience of the author. They will be used as a 
kind of framework on which to hang a number of comments 
not wholly relevant to the problems themselves but quite 
consistent with the theme of the paper. The first concerns 
vitamin A, and the second the glycerides of natural fats. 


A PROBLEM OF VITAMIN A OILS AND FISHY 
FLAVOUR 


Vitamin A is a substance of some importance to our well- 
being but of little obvious interest to physicists. Yet it is to 
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vitamin A that physicists owe the initial industrial interest in 
spectrophotometers, which created a demand for the now 
ubiquitous photoelectric model. Vitamin A in its simplest 
terms is an unsaturated alcohol having in its structure five 
conjugated trans* double bonds and five branched methyl 
groups [Fig. 1(a)]. 

The conjugated system of five double bonds gives rise to 
the strong spectral absorption band [Fig. 1(5)] in the region of 
325 mp that is characteristic of vitamin A; and a quite 
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Fig. 1. . Vitamin A alcohol. (a) Structure; (6) Spectral 
absorption curve in solvent in the region 260-380 my 


260 380 


fantastic amount of work has been done in delineating, in a 
most precise manner, the absorption curves of the alcohol 
and its esters, in all manner of solvents, for in any quantitative 
evaluation the proof of identity and purity lies in the precision 
of fit of the unknown to the known. Vitamin A is a costly 
commodity and the quantitative capabilities of spectro- 
photometry must be stretched to their limit for the sake of 
accountancy. 

Until recent years, the sole source of vitamin A was liver 
oils, obtained either from whales or a variety of fish; and a 
major problem, particularly with fish oils, was to refine them 
sufficiently to provide a palatable product for human con- 
sumption. At the time in question (1939) whale liver oil 
was in diminishing supply; hence the need for an efficient 


_* By “conjugated” is meant that the double bonds alternate with 
single bonds, and by “‘trans” that the hydrogens at the ends of a 
double bond are directed spatially away from each other, 
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refining method for fish liver oils was paramount. Nowadays 
synthetic vitamin A is used almost universally in food for 
human consumption; and this, in the American scene, has 
given rise to some delightfully uninhibited advertising, with 
‘No Fishy Burp” as its theme. The problem here then was | 
the removal of fishy burp from natural sources of vitamin A 
without destroying the vitamin to any significant extent in | 
the process. : 

There was some work being carried out in America, and 
it is worth referring to it here because it provides a classic 
example of the elevation of a comparatively simple physical 
technique to the status of a major American industry. It 
originated with Kodak and there is a possibly apocryphal 
story that it was primarily concerned with the instantaneous 
drying of photographic film, for which a molecular still was | 
required. Wishing to test the efficiency of the still, the opera- 
tor took the nearest thing to hand, a large bottle of medicinal || 
cod liver oil, and found to his surprise that he could separate 
and concentrate both vitamin A and vitamin D. From this 
developed a large molecular distillation industry turning out 
concentrates of many natural products of physiological 
importance. The technical advances that were made thereby | 
in the process of molecular distillation were reflected in the 
research laboratory in the provision of a remarkably neat 
laboratory cyclic still (Fig. 2) of advanced design, utilizing a 


Fig. 2. CMS-5 Laboratory molecular still (by Distilla- 

tion Products Inc.). The photograph shows the centri- 

fugal disk on which distillation occurs. The distillate is 

collected on the domed glass face and drained into the 
receiver 


centrifugal disk to obtain the uniformly thin film of distilland 
so necessary for effective distillation. A particular advantage 
of this form of still is that the material is held at the distilling 
temperature for only a second or so. 
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For several reasons this lead was not followed here. The 
results of molecular distillation had been studied in the 
laboratory, and American samples were intermittently 
examined, and it seemed that the desired edible quality of oil 
‘could not be achieved by this means. Furthermore there 
‘were difficulties in translating the process to large scale in this 
jcountry, not least of which were the succession of patents 
‘being taken out by the Americans; and the costs of the 
process were high. So a solution was sought elsewhere. 

_ The standard refining process, which is the basis of all 
tedible oil work, is one in which caustic soda is added to 
‘neutralize free fatty acids in the oil. The finely dispersed 
soap so formed is allowed to settle and then separated from 
jthe oil. The improvement in appearance and edible quality 
of the oil, however, is greater than would be expected from a 
/mere removal of free fatty acid, and examination of the soap- 
»stock confirms that other noxious substances have been 
yremoved. What one has in fact is a mild adsorptive process 
in which the dispersed soap particles act as the adsorbent. 
It was natural, therefore, to consider alternative methods of 


iniques which were then in course of development. 

Much is known now about the chromatographic treatment 
‘of oils.. At that time it was an adventure into the unknown. 
A survey of available adsorbents showed alumina to be the 
most promising. Liver oil contains not only vitamin A but 
jalso other trace constituents like sterols and tocopherols, 
combined in ester form. When the oil, dissolved in light 
‘petroleum, was passed through a column of alumina the 
'trace constituents of the oil were virtually unadsorbed by the 
jalumina in the presence of the glycerides. They fell com- 
paratively freely through the glycerides and concentrated at 
‘the leading edge of the chromatogram. But they could not 
pass through the leading edge into the free solvent beyond. 
This suggested two interesting possibilities: (1) to obtain a 
concentrate of vitamin A in the oil by isolating the lower 
fraction of the chromatogram; (2) to introduce a bland oil 
into the column immediately prior to the vitamin oil, and so 
‘obtain a transfer of vitamin A to the bland oil. Both proved 
feasible but uneconomic; nevertheless it was interesting, in 
view of the decision to use chromatographic methods rather 
than those of molecular distillation, to meet these words 
‘some years later in the preamble to a patent taken out by the 
exponents of molecular distillation: “This invention relates 
to improved procedure for the concentration of vitamin A 
esters, in particular by.methods involving chromatographic 
adsorption. .. .” 

The chosen route® did not lead to any significant con- 
centration of vitamin A, although concentration could be 
achieved by modifying the operations. There were difficulties, 
because in the first case the adsorption affinity of those sub- 
stances responsible for the “‘burp” was not greatly stronger 
than that of vitamin A and a delicate balance between the 
various factors was required, and in the second it was by no 
means a simple proposition to provide large quantities of 
cheap alumina of uniform activity. The crux of the problem 
turned out to be the lack of knowledge of the state of the 
alumina most suitable for the process. Only by giving 
attention to this was it possible to control the product and to 
produce activated alumina at a cost that made the process 
economical. That is to say, the problem was no longer one 
of chemistry but of physics. 

There were two main aspects to the problem, the first 
relating to particle size and the other to a basic understanding 
of the process of activation. In any industrial process 
involving flow rates, time is an important factor in costing 


fadsorption, particularly the newer chromatographic tech- - 
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and one must provide the freest flowing column compatible 
with adsorptive efficiency. It was necessary, therefore, to 
know the particle size distribution of the starting product— 
particularly that fraction known as the sub-sieve fraction 
(< 60 y in size) which largely governs the flow rates—and 
the effects of activation upon it. The starting product was 
the alumina trihydrate, gibbsite, seeded from a supersaturated 
solution of sodium aluminate, which could be converted to 
an active alumina by furnace heating; and since the hydrate 
is a poor conductor of heat, it was conceivable that the 
application of heat could set up disruptive stresses in the 
particles and so lead to breakdown in size, Particle size is 
of immense importance to a number of industries, such as 
the cement and pottery industries, and much literature has 
been published on it, including the proceedings of an Institute 
symposium.“ Methods for determination of size are all 
based on Stokes’ law for falling bodies. There are sedimenta- 
tion methods in which one weighs the sedimenting material 
in situ or on withdrawal, or measures the photo-extinction 
of a beam of light on passing through a dispersion of the 
particles after fixed intervals of time from the moment of 
uniform dispersal in a liquid. And there are elutriation 
methods in which the particles are segregated by an upward 
flow of air or liquid through a series of vessels of increasing 
diameter. For a 2x cut in particle size the diameters must 
vary in the ratio of 4/2. In the Canadian mining industry 
the principle of air elutriation has been explored exhaustively, 
and a most efficient but awe-inspiring machine developed 
called the Infrasizer.©) To prevent particle adhesion to the 
sides of the machine it is raised and dropped rhythmically like 
a hydraulic ram, and so it is preferably housed in a sound- 
proof room! It has. been pointed out that ideally such 
machines should have expanding cones with an angle not 
greater than 10°, and stilling lengths of 60 pipe diameters. 
The machine would then “look like a church organ and 
require a laboratory the size of a small cathedral to house it!” 
Nevertheless, air elutriation is the only method suitable when 
examination of the various size-fractions is required, and a 
simply-constructed glass laboratory-apparatus can yield 
useful information. 

For this phase of the investigation the hydrate was 
subjected to a variety of heat impacts, at different tem- 
peratures and for different periods of time, in the extreme 
instance feeding a very thin stream of particles continuously 
through a furnace held at 900° C, but there was no change in 
size distribution due to any of the treatments. This meant 
that an alumina of sufficiently uniform particle size distribu- 
tion could be ensured merely by specifying the required 
distribution for the hydrate. 

The experiment carried out at 900°C was of particular 
importance. In investigations of this sort where an under- 
standing of a phenomenon is sought it sometimes happens 
that as the investigation develops one experiment will yield 
unexpected evidence that gives a clue to the whole pheno- 
menon and indicates just what pattern of further experiments 
is required to reach an understanding. So it was here. The 
furnace was a simple laboratory-made affair, the hydrate’ 
trickling from a tiny hopper on to a stainless steel ribbon and 
moving almost instantaneously into the heated zone in which 
it remained for about three minutes. As stated, there was no 
breakdown in particle size but, surprisingly, the anhydrous 
material was extremely active; more active than alumina 
heated at this temperature in the more normal manner for 
several hours; and more active than one might expect from 
a reading of the literature. It was immediately obvious that 
if a number of samples were taken, small enough to ensure 
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rapid temperature equilibration but adequate for subsequent 
examination; and if these were heated in sets, each at a 
different temperature and each member of the set for a 
different period of time, then a study of the dehydration, 
surface activity and crystal structure of the samples should 
present a clear picture of the process of activation. 

Now it was interesting to observe, when the literature was 
searched, that although the heat transformations of alumina 
and its hydrates had preoccupied workers for over 30 years— 
and the struggle to unravel them still goes on—no work had 
been carried out on the integrated relationship of the three 
properties referred to above. 

The dehydration studies of the hydrate showed that loss of 
water of hydration commenced at about 150° C, and that up 
to 225°C it was progressive over a number of hours and 
represented a systematic conversion from trihydrate to mono- 
hydrate. Between 300° C and 500° C dehydration proceeded 
more rapidly to a state of equilibrium, which was then main- 
tained over long periods of heating at the same temperature 
even though dehydration was not complete. At 500° C and 
higher only anhydrous alumina was obtained. 

Activity studies, based on dye adsorption from solution, 
showed that the trihydrate and monohydrate were completely 
inactive. The partially anhydrous samples, that is those 
heated at temperatures between 225° C and 500° C (Fig. 3), 


Activity (mg dye adsorbed per q) 


Period of activation (h) 


Fig. 3. Activated alumina. Activities of the heat trans- 
formation products of y-alumina trihydrate in the 
temperature range 300—1000° C 


exhibited activity increasing asymptotically to a maximum as 
the time of heating was increased. The anhydrous samples 
showed a sharp initial rise in activity corresponding, one 
presumes, to the dehydration phases, then decreased asymp- 
totically to a steady value. The decrease was more marked 
as the temperature was increased. At 1400° C wholly inactive 
alumina was obtained. 

The X-ray pattern was consistent with the dehydration and 
activity curves. It could be interpreted as showing first, at 
temperatures up to 225°C, the gradual change from tri- 
hydrate to monohydrate, both completely defined crystalline 
forms giving sharp diffraction lines. Between 225°C and 
500° C, there was a gradual conversion to y-alumina, a 
highly disordered and near-amorphous state yielding a diffuse 
pattern superimposed on that of the monohydrate. As the 
temperature of treatment of the wholly anhydrous state was 
increased, there was a gradual sharpening of the first y-alumina 
lines and an emergence of new lines, which were interpreted 
as a partial orientation leading to a growth of crystallite size 
within the particle and a consequent reduction of active 

BRITISH JOURNAL OF APPLIED PHYSICS 


168 


Taylor 


surface. At temperatures in the region of 1400° C, there was 
a complete orientation of structure to o-alumina, which 
provided again a sharply defined X-ray pattern and was 
completely inactive. 


It was plausible, therefore, to associate activity with this 


highly disordered but controllable state of anhydrous alumina, | 


and to explain the reduction in activity in terms of a gradual 
orientation towards a more ordered structure. That is to say, 
one could think of activated alumina as a continuously 
variable transitional product in a heat-controlled transforma- 
tion. It must be admitted, however, that other workers®: 9) 
claim that the transformation is not continuously variable 
but includes a number of recognizable crystalline states. As 
in mathematics, one may consider any variable function in 


terms of discrete steps and no more may be involved here | 


than a matter of definition. Or it may depend on whether 


one views things either as a crystallographer or with a | 


primary interest in surface functions. It is difficult to imagine 


truly crystalline structures with the surface activity of y- | 
alumina; but these facts are mentioned primarily to show | 


that, although an insight into the phenomenon of activation 


was obtained that was adequate for its purposes, what in 


fact does occur may be considerably more complex. 


It followed from the activity curves that to obtain a | 
uniformly activated product one must heat the alumina for | 


a sufficient time to ensure that the whole charge has reached 


the steady state, i.e. not less than 5h at activation tempera- | 


ture. Once the optimum activity had been determined, all 
that was then needed was a furnace whose temperature could 
be controlled and held steady at the predetermined value. 
For some time use was made of an idle pottery furnace of the 
continuous type. It was convenient but not ideal for the 
purpose for, when lit, it took a week to come into equilibrium, 
and over 90% of the mass passing through the furnace was 
dead weight to be heated and cooled for no useful purpose. 
When these furnaces reverted to their legitimate use at the 
end of the war, a more convenient continuous electric furnace 
was designed and constructed (Fig. 4). With a uniform supply 
of alumina assured the most serious problem of the process 
was eliminated. 

It may be of interest to give a brief description of the 


process“) because, from 1942 until the introduction of — 
synthetic vitamin A in 1950, it was used to treat a quite | 
significant proportion of the vitamin A oils that went into the | 


nation’s margarine. E 


Basically it consisted of passing a solution of the oil in | 
benzine through a tube packed with activated alumina. | 
There were two critical factors affecting the efficiency of the | 
process in removing the fishy flavour with a minimal loss of — 
vitamin A. One was the concentration of oil in solvent — 
(25% w/v) and the other the ratio of oil to alumina (1 : 3). 


There was the equally important economic aspect to be 
considered. Two factors bearing on this were (1) the flow 
rate of oil solution, governed by the particle size distribution 
of the alumina, and (2) the cost of alumina, required in a 
ratio of three times the weight of oil processed. It was 
necessary to maintain this ratio in any one cycle of opera- 
tions if fishy flavour was to be removed, but the ratio could 
be effectively reduced by ‘“‘revivifying’ the alumina after 
each cycle for further use. To do this, adsorbed oil was 
stripped from the alumina with a mixture of benzine and 
alcohol, and the alumina was heated in situ and blown free 
of solvent, particularly of alcohol whose removal was essential 
to any re-use of the alumina. 

Another problem peculiar to this process was to determine 
the optimum size of column. The first impulse in any large- 
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scale application of chromatographic methods is to increase 
the dimensions of the tube, but such a procedure was not 
feasible here, not least because of the difficulty of adequate 
heat transfer in the revivification stage. Moreover, it is not 
really the most efficient method of scaling-up for it can be 
demonstrated readily that the time required for the cycle of 
Operations is increased disproportionately as the column 
dimensions are increased. It was reasoned that for large- 
scale work one could with advantage use a multiplicity of 
small columns and operate them as a single column by 


10 ft Oin. diam 


Physical methods of investigating chemical problems 


section of the paper. In less scientific terms its title would be: 
Why is chocolate hard and lard soft? 

The consistency of fat products such as chocolate, butter, 
margarine, pastry shortenings and confectioners’ fats is largely 
determined by the content of solid crystals in the fat and by 
the physical properties of these crystals. Nature makes use 
of a wide range of acids in building up its glycerides but 
considerately uses only saturated C,, and saturated and 
unsaturated Cg acids for the major part of them, so simpli- 
fying the task of the investigator. Nevertheless, the com- 


ee 
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Fig. 4. Activation furnace for alumina. 
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clean exhaust air 
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Electrically-heated continuous furnace of circular construction with 


heating, soaking and cooling sections. The design makes it possible to load and unload at the same point 


»mploying the principle of the calandria (Fig. 5). This was 
serhaps the most novel feature of the process and it was 
aseful for three reasons: (1) the conditions for operating the 
salandria could be determined precisely in the laboratory with 
1 single small tube, (2) the time cycle of operations was. the, 
ame as that of the small tube, (3) revivification of the alumina 
sould be effected between cycles by having the necessary steam 
ind water connexions to the calandria jacket. Only one 
lifficulty was encountered and that was in convincing certain 
yatent examiners that this was a plant for chromatographic 
yrocesses and not a common heat exchanger! 


A PROBLEM OF GLYCERIDE OILS AND THEIR 
POLYMORPHIC FORMS 


_ Patents have a habit of obscuring their contents by the 
renerality of their titles. The same might be said of this 
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binations and permutations of even this limited series of 
fatty acids in a glyceride molecule are many. One may have 
a monoglyceride with one fatty acid group and two free 
hydroxyl groups; a diglyceride with two fatty acid groups, or 
a triglyceride. The glyceride may be wholly saturated like 
tri-stearin, or wholly unsaturated like tri-olein. It may be a 
saturated mixed glyceride, and symmetrical like palmito- 
stearo-palmitin (PSP) or unsymmetrical like dipalmitostearin 
(PPS). Or it may be a symmetrical (POS) or unsymmetrical 
(OPS) mixed saturated/unsaturated glyceride. A_ basic 
understanding of the behaviour of simple and mixed glycerides 
and of mixtures of them is therefore important in the oils 
and fats industry; and so also is an ability to identify the 
glyceride structure of commercially important fats. It will 
be obvious that a knowledge of the existence of polymorphic 
forms induces caution in interpreting evidence of glyceride 
structure. 
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The conventional method of studying the component 
glycerides of fats is one of fractional crystallization from 
solvent and this has been widely used.“ It is particularly 
suited to those glycerides containing wholly saturated acids 


alumina inlet 
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i steam and 
solvent inlet. _ 
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==, 
~ perforated plate 
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Fig. 5. Calandria for chromatographic treatment of oils. 

The design shows the disposition of the vertical chromato- 

graphic tubes. The head space allows a complete solvent 

charge to be introduced. The calandria operates under 
a pressure of 30 1b/in? 


or only one unsaturated acid. The difficulties of separation 
become greater as both the number of unsaturated acids in the 
glyceride molecule and the degree. of unsaturation increase, 
but more recently the method of discontinuous counter- 
current separation has been applied with considerable success. 
_ This technique is without doubt one of the most powerful 
tools to have been made available to the research laboratory 
and it is well worth considering for a few moments for, 
strangely, it is one of those beautifully simple techniques 
that has been neglected in this country until recently. If a 
solute is soluble in two immiscible liquid phases, then it will 
distribute itself between them. Suppose for simplicity that 
equal volumes of solvent have been taken, and that the 
solute distributes equally, i.e. each phase contains 50% of the 
solute. Suppose now that a second container is taken with 
an equal volume of fresh lower phase. The upper phase of 
the first container is transferred to it, and fresh upper phase 
is added to the first container. If both containers are then 
shaken, the solute will redistribute and there will be 25°% in 
each phase in both containers. If a third container is now 
taken and a similar set of transfers undertaken, then on 
further redistribution there will be 124°% solute in each phase 
in the first and third containers and 25% in each phase in the 
second container. In other words, there is a moving zone 
whose peak after two transfers is in the second container. 
On the other hand, a solute with a partition in favour of the 
upper phase will form a zone moving faster than that with 
a 50:50 partition; and, conversely, if the partition is in 
favour of the lower solvent, it will move more slowly. Finally, 
if the three solutes are together initially, then they will 
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separate as the process of partitioning and transferring is 


continued. ae i 

It can readily be shown that the distribution is binominal 

n 

as ) , where K is the partition 
K+1 
ratio for the upper phase and n is the number of transfers.) 
For an ideal distribution, therefore, the shape of the distribu- 
tion can be traced; but in practice distributions are rarely 
ideal because of solute-solute interaction. Nevertheless, an 
estimate can be obtained of the number of transfers required} 
for the separation of solutes. 

To proceed in the manner described would be extremely 
laborious, but Craig?) designed a machine (Fig. 6) in which 
all shaking, and transferring, is carried out simultaneously, 
and elaborated it later to make it wholly automatic in working. 
The technique thus becomes analogous to partition chromato- 
graphy, but with certain advantages: greater amounts of 
material can be dealt with; there can be no adsorption effects; 


1 
and of the form Ge i 3E 


Fig. 6. Craig countercurrent distribution apparatus, fully 
automatic type. Lower solvent is distributed throughout 
the tubes at the start of any experiment. Upper solvent is 
transferred in fixed aliquots from the large reservoir on 

the left s 


components that are well separated can be removed from the 
system; components that are difficult to separate can be 
circulated within the system until separation is achieved; and 
the entire distributed sample can be recovered. 

The method is being used to investigate the physiologically 
important products of fat metabolism such as phospholipids 
and sterol esters and there is also an expanding interest in 
work on component glycerides of fats. The work of Dutton 
and Cannon‘!3) on linseed oil demonstrates clearly the 
possibilities of the method. Linseed oil contains a large 
proportion of unsaturated acids, including oleic acid with 
one double bond, linoleic acid with two double bonds and 
linolenic acid with three double bonds, and separation of the 
more unsaturated glycerides has hitherto presented an) 
intractable problem. With the aid of two partition systems, 
light petroleum 50: furfural 50 and light petroleum 50: 
furfural 25: nitroethane 25, Dutton and Cannon have suc- 
ceeded in separating the glycerides into groups containing 
9, 8, 7, etc., double bonds [Figs. 7(a) and (b)]. Those con-: 
taining 9 and 8 double bonds can each be assigned only one | 
structure, namely, trilinolenin (LeLeLe) and linoleo-dilinolenin | 
(LLeLe or LeLLe), but for the remaining groups combina- 
tions of two or more structures are possible. Nevertheless, 
by first determining the mean unsaturation and then inducing 
conjugation in the material, so that those acid radicles with 
two double bonds absorb at 230 mu and those with three at 
270 mp, it is possible to calculate the proportions of the 


VoL. 9, May 1958 


' 


Physical methods of investigating chemical problems 


possible glycerides in each fraction and so arrive at a total 
distribution. Investigations of this nature will lead to clearer 
ideas on the distribution of fatty acid radicles among the 
elycerides. 
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oil 
(a) Distribution in system pentane-hexane/furfural, and 
(b) distribution in system pentane-hexane/furfural nitroethane. 
©, weight curve; e, iodine value curve. 


' Turning now to polymorphism, a great deal of circum- 
stantial evidence of the different forms can be obtained by 
simple thermometric and dilatometric methods. More 
‘undamental work has been carried out by X-ray diffraction 
nethods,“'4) by Malkin in this country and by Lutton in 
America; but the precise pattern of polymorphism is at 
yresent controversial. Recently, Chapman“) has been 
ipplying infra-red techniques to the study of polymorphism; 
ind it would appear that here is a tool which in some ways 
s complementary to X-ray analysis and in others is superior 
o it. One can, for example, follow transitions as they occur, 
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by holding a thin film of the fat in a thermally-controlled cell 
and scanning the requisite portion of the spectrum repeatedly. 

When the early work on polymorphic forms was carried 
out, an unsatisfactory nomenclature was introduced. Only 
two forms were recognized, and the lower melting form was 
designated « and the higher melting form 8. The application 
of X-ray analysis has led to the probability of two «-forms, 
a and sub-a, and the certainty of two B-forms, B and f’. 
The higher melting forms are the more stable. In some cases 
only one of the two B-forms can be obtained, e.g. SPS gives B, 
PSP gives f’. 

Crystallographically, the transitions to the higher melting 
forms are related to a more ordered packing of the lattice. 
Chapman,"'® from a study of the 700cm~! region of the 
infra-red, suggests that the «-form (720cm~!‘) is due to 
hexagonal packing, the f’-form (720 and 730cm~!) to 
orthorhombic packing and the B-form (717 cm~!) triclinic 
packing of the hydrocarbon chains. 

In a well-diversified fat mixture polymorphic changes will 
of course be smoothed out to some extent; but conversely, 
a fat exhibiting polymorphism is likely to have either a 
simplified glyceride structure or a dominant glyceride grouping. 
Two such fats are cocoa butter and lard, dissimilar in physical 
appearance and behaviour yet hitherto supposed to contain 
the same dominant glyceride OPS. These glycerides have 
been investigated recently by Chapman, Crossley and 
Davies.“'7), The methods used were those of dilatometry, 
cooling curves, X-ray diffraction and infra-red analysis. For 
dilatometry and X-ray diffraction the samples were brought 
into the most stable crystal form. It could be accepted that 
the three fatty acid radicles of the major glycerides in each 
case had been correctly identified in earlier work, and so for 
this investigation the three isomeric configurations—OPS, 
OSP and POS—were prepared. These were examined alone 
and in various mixtures aimed to simulate possible constitu- 
tions of the two materials. The dilatometric measurements 
and cooling curves suggested that whereas the dominant 
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Fig. 8. Characterization of major glycerides of cocoa 


Infra-red spectra of most stable poly- 
morphic form 

1, 2-Oleopalmitostearin (POS); 2, cocoa butter; 

3, 2-palmitooleostearin (OPS); 4, lard fraction. 
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glyceride of lard was OPS as stated, that of cocoa butter was 
POS and not OPS. X-ray and infra-red data confirmed these 
views. Fig. 8 illustrates the closely parallel behaviour of 
cocoa butter and POS, the most stable form of the glyceride 
being 8. In OPS, on the other hand, the 6’-form was the 
most stable; and comparison of this with a lard fraction 
(Fig. 8), obtained by solvent crystallization, showed it to be 
the dominant disaturated glyceride of lard. 


CONCLUSION 


It will be seen then from just these two problems of industrial 
chemistry how the methods of physics have played a dominant 
role in their solution. One problem was concerned with 
vitamin A and with the fishy factor, both trace constituents of 
glyceride oils, and the other with the behaviour and identifica- 
tion of major constituents of glyceride oils. The problems of 
trace constituents today are perhaps the most fascinating of 
all; for it is now possible not only to isolate the constituents 
but also to apply critical tests of identification to minute 
quantities of them. It is here that the non-destructive methods 
of physics are invaluable since cumulative evidence can be 
obtained by a variety of physical measurements on the same 
small sample. 

The particular problem considered in this paper was not 
concerned with identification, for vitamin A was known, 
and it was-sufficient to remove the fishy material without 
identification. But there are many current problems, for 
example, the identification of by-products of chemical pro- 
cesses, and of the constituents of natural flavours, waiting to 
be solved. It is worth noting in closing that of all the physical 
methods that have been mentioned two are emerging in 
partnership and providing perhaps the most powerful general 
method of attack. These are vapour phase chromatography 
and mass spectrometry. It is a curious partnership for they 
were originally rival techniques, with vapour phase chromato- 
graphy proving itself the simpler, cheaper and more effective 
method of determining the number of components of a 
mixture. In doing so it has simplified and made more effective 
the contribution of the mass spectrometer, for one can now 
feed the separated components to it and attach to the results 
a correspondingly greater significance. 
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ORIGINAL CONTRIBUTIONS 


The photoelastic behaviour of cross-linked polymers 


By Z. Tuzi, D.Eng., K. Kawara, B.Eng., and I. Hort, Scientific Research Institute, Tokyo, Japan 


[Paper first received 11 October, 1954, and in final form 9 July, 1957] 


The photoelastic and mechanical properties of various cross-linked polymers have been studied 
over a wide range of temperature. A large change of the stress-optical coefficient was observed 
in the second order transition region. At temperatures above that region, suitably cross-linked 
polymers show a photoelastic behaviour corresponding to nearly perfect entropy-elasticity. 
The effect of cross-linkage on the stress-optical coefficient has been studied in styrene—divinyl- 
_ benzene copolymers. The DVB content affects the coefficient considerably in the entropy- 


\ elasticity region, but negligibly in the glassy state. 


From photoelastic data, one may derive the value of the optical anisotropy («1 — «). 


The 


value of An/S extrapolated to zero degree of cross-linkage agrees well with that of the linear 


polymer. 


Experimental evidence is given that polymers formed by polymerization or addition reactions 
are preferable to those formed by condensation as materials for the stress-freezing method. 


1. INTRODUCTION 


Photoelastic effects in various polymers have been widely 
used as a means of stress analysis in structural members. 
Photoelastic stress analysis is an important application of 
the photoelastic effect, and a study of the effect within the 
temperature range of entropy-elasticity of polymers may also 
contribute to an understanding of their molecular structure. 
For three-dimensional studies of stress distribution, using the 
‘Stress-freezing method, it is important to know the photo- 
elastic behaviour of materials over a wide temperature range. 

The authors have studied this behaviour, principally in 
cross-linked polymers, and find that there is a marked varia- 
tion of the stress-optical coefficient in the second order 
transition region. Suitably cross-linked polymers show a 
photoelastic effect based upon nearly perfect entropy- 
elasticity at sufficiently high temperatures. It is also found 
that the stress-optical coefficient of styrene—divinylbenzene 
copolymers in the entropy-elasticity range increases linearly 
in magnitude with decreasing content of divinylbenzene, 
until for zero content of the latter it attains the value for 
polystyrene. 

There is some experimental evidence that the heat edge 
effect is dependent on the type of chemical reaction involved 
in the preparation of the polymer. Materials formed by 
addition or polymerization reactions are preferable to those 
formed by condensation reactions. 


2. THE TEMPERATURE VARIATION OF PHOTOELASTIC 
AND MECHANICAL PROPERTIES OF CROSS- 
LINKED POLYMERS 


To observe the temperature variation of the properties of 
various polymers, an air thermostat having two glass windows 
was placed in the light beam (A = 5461 A) of a photoelastic 
apparatus. Tension test-pieces of uniform cross-section were 
stretched in the thermostat and the mechanical deformation 
and the stress birefringence observed. 

The materials studied’ were phenolic resin (Phenolite); 
epoxy resin; diallylphthalate polymer (DAP); styrene- 
divinylbenzene copolymers (S-DVB); and styrene—polyester 
copolymer; all prepared by the authors. The phenolic resin 
was prepared from phenol and formaldehyde in equi- 
molecular proportions, with ammonia as a catalyst, and the 
(S-DVB) copolymer from styrene and Koppers’ DVB in the 
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various proportions mentioned in Section 3. The styrene— 
polyester copolymer was prepared from a mixture of 48% 
by weight of styrene with 52° of an ester (diethylene glycol 
fumarate/adipate) prepared with the following molar pro- 
portions: fumaric acid, 0:3; adipic acid, 0:2, diethylene 
glycol, 0-5. 


120 
Temperature (°C) 


Ib60 


Fig. 1. The variation of Young’s modulus with tem- 
perature for (a) an epoxy and (b) a phenolic resin 


O exe) 200 
Temperature (°C) 

Fig. 2. The variation of the stress-optical coefficient 
An/S with temperature for (a) an epoxy and (/) a phenolic 
resin, and for (c) DAP polymer 
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Some typical results are given in Figs. | and 2, in which the 
variation with temperature of Young’s modulus £ and the 
stress-optical coefficient are shown. The latter coefficient is 
defined as An/,S, while the photoelastic sensitivity « is defined 
as 

a = 9-8 x 10!4An/AS (mm/kg) 


where An = birefringence, S = stress in dyn/cm’, and 
X = the wavelength used, in Angstrém units. 

It is clear from Fig. 1 that at low temperatures E decreases 
At somewhat higher 


gradually with increasing temperature. 


values of E shown in Fig. 3 agree well with this equation at 
the higher temperatures, and the behaviour of these polymers 
in this temperature region should be considered as due to 
entropy-elasticity, while the temperature range in which E 
changes abruptly corresponds to the second order transition 
range. 

The theory of rubber-like elasticity also predicts the 
following relation?@-? 


An 2 (ng + 2)? 


2 
pee ede ae: 2 


(a%1 — &) 


S/An (10'O-dyn/cm?) 


Fig. 3. The variation 

of Young’s modulus and 

of S/An with absolute 

temperature for an 

epoxy and a_ phenolic 
resin 


E (kg/mm 2). 


Ose Tole) 700 


O—O = epoxy. 
—xX—x = phenolic resin. 


300 400 SOO 


Absolute temperature (°K) 


temperatures EF falls rapidly with increasing temperature and a 
noticeable creep is present. At still higher temperatures E 
becomes very smali but shows a slight increase with increasing 
temperature. 


where in addition to the previous definitions 7) = the refrac- 
tive index in the unstressed state, x, and «, = the principal 
polarizabilities of the equivalent statistical link, and k = 


Boltzmann’s constant. 


Some properties of photoelastic materials, measured by the authors, with light of wavelength 5461 A 


: Type of Temp. (cmt yn) o : E aE 

Material reaction CE) (x 1012) (mm|kg) (kg/mm?) (mm—1) 
Phenol-formaldehyde Condn. 20 53 0:96 410 — 
120 160 29 1:8 2 
Epoxy Addn. 20 Dee, 0:94 300 — 
. 120 225 40 1:6 64 
Diallylphthalate polymer Polym. 20 Sif, 0:67 390 — 
180 41 7:4 6°6 48 
Styrene-divinyl-benzene copolymers [ Polym. 20 1-1 0-19 290 — 
130 370 67 0:26 17 
II Polym. 20 0:9 0:16 270 — 
130 320 57 0:51 29 
Ul Polym. 20 1-0 0-18 280 — 
130 205 36 1:5, 54 
Styrene—polyester copolymer Polym. 100 50 9 2:9 26 


In Fig. 3 the values of E and of S/An are plotted against 
the absolute temperature. At the higher temperatures, the 
values of these two quantities lie on straight lines passing 
through the origin. The theory of rubber-like elasticity 
predicts the relation” 


JBL IIE (1) 
where 7 is the absolute temperature and K a constant. The 
BRITISH JOURNAL OF APPLIED PHYSICS 


where C is another constant. 
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Since mp, a, and a are constant for a given material, 


equation (2) can be expressed in the form 


An|S = C/T (2a) 


Further, from equations (1), 


An/o = 1:02 x 10-'5AxE = CK = const (3) 
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vhere o is the strain and «E is the so-called “‘figure of merit” 
n the freezing method. 

In Fig. 3, S/An is proportional to the absolute temperature, 
vhich agrees with equation (2). Thus, not only the mechanical 
ut also the photoelastic behaviour agrees with the entropy- 
lasticity theory at sufficiently high temperatures. A marked 
hange of the stress-optical coefficient occurs in the second 
der transition region, similar to the change already known 
n other properties such as Young’s modulus, thermal 
xXpansion, etc. 

With phenolic and epoxy resins, and the diallylphthalate 
olymer, the stress birefringence remains of the same sign in 
oth the glassy and the rubber-like states, but a reversal of 
he sign was observed in the transition region for styrene- 
olyester and styrene—divinylbenzene copolymers. 

As indicated by equation (3), An/co, and therefore the 
igure of merit «E, are constant within the entropy-elasticity 
egion. The experimental values of An/S and xE given in 
fable 1 confirm the predicted constancy. 

All the polymers studied here, with the exception of the 
liallylphthalate polymer, are relatively lightly cross-linked. 
[They show nearly perfect entropy-elasticity at high ‘tem- 
yeratures, although glassy at lower temperatures. The 
liallylphthalate polymer, however, is cross-linked at many 
jlaces, and for this material equations (1) and (2) do not hold 
trictly. As indicated in Figs. 2 and 4, the bebaviour of DAP 
loes not tend toward perfect entropy-elasticity at high tem- 
yeratures. The authors conclude that the behaviour of a 
toss-linked polymer in the rubber-like state is influenced by 
he degree of cross-linkage. 


|. THE EFFECT OF DEGREE OF CROSS-LINKAGE ON 
THE STRESS-OPTICAL: COEFFICIENT 


Observations were made of the photoelastic and mechanical 
woperties of styrene—divinylbenzene copolymers in which the 
sontent of the cross-linking agent (DVB) was varied. These 
neasurements were intended to reveal the effect of the degree 
of cross-linking over a wide temperature range. 

Materials I, Il, and III were prepared, containing respec- 
ively 5, 10 and 20% of Koppers’ “‘divinylbenzene 40-50 %”’ 
is the cross-linking agent, the remainder being styrene. 

The composition of Koppers’ DVB, in volume percentage, 
s as follows: 


diviny!benzene 46-6 
ethylvinylbenzene 40-5 
diethylbenzene 2-9 
high boiling components 7:0 
benzene, toluene, styrene, 
ethylbenzene Nil 


The variation with temperature of E and An/S for these 
naterials is shown in Figs. 4 and 5, from which it is clear that 
he variation is similar to that observed with the epoxy and 
henolic resins. The behaviour at high temperatures is 
gain attributable to entropy-elasticity. However, in these 
opolymers a reversal of sign of the stress-optical coefficient 
vas observed in the second order transition region (see the 
nlarged scale insert at the top of Fig. 5). The temperature 
t which this reversal occurred tended to decrease slightly 
vith decreased rate of loading. 

The dependence of E and An/S upon the percentage cf 
ross-linking agent (DVB) is shown in Figs. 6 and 7. From 
ither Fig. 5 or Fig. 6 it will be seen that the dependence of 
\n/S upon the degree of cross-linking is small at low tem- 
reratures, but considerable in the entropy-elasticity region. 
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In Fig. 8 the variation of E and An/S with content of DVB 
is plotted for a fixed temperature of 130°C. The absolute 
value of An/S decreases linearly with DVB content, while E 
increases nearly linearly. 


IOOO 
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~ 
é 1O 
= 12 | 
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Ree oan 
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Fig. 4. The variation of Young’s modulus with tem- 

perature for various cross-linked polymers and co- 

polymers: epoxy and phenolic resins; DAP; S-DVB; 
and styrene—polyester 


3 200 
Temperature (°c) 


Fig. 5. The variation of the stress-optical coefficient 

An/S with temperature for styrene—divinylbenzene co- 

polymers I, Il and III. For the dotted curve the scale is 
inset on the right-hand side 
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The theory of entropy-elasticity predicts the relation© 
E = const NkT (4) 


where N is the number of chains per unit volume of the net- 
work. The results of Fig. 8 confirm, approximately, a linear 
relation between E and N. 

On the other hand, the values of An/S in the high tem- 
perature region depend significantly on the degree of cross- 


O 5 lO I 20 
Koppers’' DVB 40-50% (°%! 


Fig. 6. The variation of the stress-optical coefficient 
An/S of S-DVB copolymers with varying content of 
““Koppers’ DVB 40-50%’ 
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Fig. 7. The variation of Young’s modulus of S-DVB 
copolymers with varying content of Koppers’ DVB 
40-50% 

BRITISH JOURNAL OF APPLIED PHYSICS 


176 


linking, whereas equation (2) predicts that they should be 
independent of this factor. In earlier work,” it was found 
that the value of An/,S for a pure rubber-sulphur compound 
increased linearly with increasing degree of cross-linkage, 
but for the authors’ (S-DVB) copolymers the variation 1s of 
opposite sign from this. Presumably, the divinylbenzene 
modifies the polarizability of the equivalent statistical link in 
the polystyrene chain. If the anisotropy (a a a) of the 
equivalent statistical link is derived by extrapolating the value 
of An/S to zero content of DVB, the following values are 
obtained (for 130° C): 


An/S = — 4:28 x 10-19 cm?/dyn 
iG dy ae VBL On ne 


It is interesting to find that the value of (~,; — «2) coincides 
with that obtained from polystyrene itself.” 


ar BO nS ee eO 
Koppers’ DVB 40-5O%(%) 
The variations of Young’s modulus and of the 


absolute value of the stress-optical coefficient |An/S| at 
130° C with varying content of Koppers’ DVB 40-50% 


Fig. 8. 


Values of the elastic modulus and of the photoelastic 
constants of the materials tested are collected in the table, 
for room temperature and for one selected temperature in the 
entropy-elasticity region. 


4. THE ‘‘HEAT EDGE EFFECT” IN POLYMERS 


The stress-freezing method of using polymers for stress 
analysis depends upon fixing the orientation of molecular 
chains, imposed at temperatures above the second order 
transition region, by slow cooling to temperatures below 
that region. For polymers in which the transition is above 
room temperature, the process is therefore one of heating, 
loading, and cooling. With some polymers, however, a con- 
siderable ‘‘heat edge effect’? occurs in the course of heating, 
and introduces a serious error into the stress analysis. The 
effect in an otherwise unstressed specimen of phenol-— 
formaldehyde resin is shown in Fig. 9. 

The authors have measured the heat edge effect in a 
number of polymers by observing the change of fringe order, 
caused by the birefringence, between the edge and interior of 
the block. Specimens of the materials were prepared, with 
dimensions 15 by 30mm and 5:5 mm thick, by carefully 
filing the edges to expose new material free from any ‘‘time 
edge effect.’’ Sets of these specimens were heated at 125° C 
for periods of 1-5, 3:5, 6, and 13 hours respectively, and 
were allowed to cool to room temperature while still in the 
thermostat. 

The change of fringe order caused by each of the heat 
treatments is plotted in Fig. 10. The largest effect occurred 


VoL. 9, May 1958 


The photoelastic behaviour of cross-linked polymers 


Fig. 9. The heat edge effect in a phenolic resin 


waS Fig. 10. The heat edge effect in various polymers. The 

® ordinates show the birefringence, in terms of fringe order, 

2 caused at a free boundary by heat treatment 

& —O— = phenolic resin. 

© | (ps rar: ar eRe RS oie — x— = DAP-I. 

3 —A— = DAP-IL. 

+ Soe Es —e— =epoxy resin; polymethylmethacrylate; styrene— 
oO a 1@) IS polyester copolymer; S-DVB I; methylmethacrylate 

Time of heat treatment (h) —DAP copolymer. 


Fig. 11. A fringe pattern of frozen-in stress in a phenolic resin, showing a large heat edge effect 


Fig. 12. A fringe pattern of frozen-in stress in an epoxy resin showing little heat edge effect. 
The pattern shows the stress distribution in the central section (thickness 2 mm) of a circular 
cylinder containing a spherical cavity, when in axial tension 
VoL. 9, May 1958 177 
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with the phenolic resin. The next largest occurred in a 
sample of diallylphthalate resin which had been under- 
polymerized. A small effect was still observable in the same 
resin when fully polymerized. No measurable effect was 
observed in polymers or copolymers of the following: epoxy 
resin; methylmethacrylate; styrene—polyester ; styrene-DVB I; 
methylmethacrylate-DAP. 

Fig. 11 shows the stress pattern in a bent beam, as distorted 
by a large heat edge effect in the phenolic material used. 

Fig. 12 shows a stress pattern undistorted by edge effect; 
obtained by using an epoxy resin. The pattern represents the 
stress in the central plane of a solid cylinder containing a 
spherical cavity, when subjected to axial tension. 

The authors’ studies indicate that the heat edge effect is 
smaller in resins formed by polymerization or addition 

‘reactions than in those formed by condensation. For 
example, glyptal (BT-61-893) belongs to the latter class, and 
it is well known that it shows a large effect. Polymers which 
are insufficiently polymerized also show a large effect, even 
though they belong to the former class. Complete reaction 
and freedom from cracks and bubbles are more easily obtained 
with the former class than with the latter. For these reasons 


the authors recommend the use, in the stress freezing method, 
of polymers formed either by polymerization or addition 
reactions. 


ACKNOWLEDGEMENTS 


The authors express their thanks to Dr. S. Sakurai for 
valuable advice on the preparation of various polymers, and 
also to the Ministry of Education (of Japan) for a grant. 


REFERENCES 


(1) Gutu, E., and James, H. M.: Industr. Engng Chem., 33, 
p. 624 (1941); Rubb. Chem. Techn., 14, p. 596 (1941). 

(2) Kunn, W., and GRrtn, F.: Kolloid Z., 101, p. 248 (1942). 

(3) Kuso, R. J. Phys. Soc. Japan, 2, p. 84 (1947). 

(4) TrELoAR, L.R.G. Trans Faraday Soc., 43, p. 277 (1947). 

(5) TreLtoar, L. R. G. The Physics of Rubber Elasticity 
(London: Oxford University Press, 1949). 

(6) THIBODEAU, W. E., and McPuerson, A. T.: J. Res. Nat. 
Bur. Stand., 13, p. 887 (1934). 

(7) STEIN, R. S., and Topotsxy, A. V... J. Polymer Sci., U1, 
p. 285 (1953). 


Calculated and observed effects of texture on the magnetic 
properties and Young’s modulus of nickel sheet 


ae te R. W. Jones, M.A., F.I.M., C. A. CLARK, Ph.D., A.Inst.P., and E. A. Fett, B.Met., 


A.I.M., The Mond 


Nickel Co. Ltd. Bunehan 16 


& 


[Paper received 2 September, 1957] 


Relative values of Young’s modulus, magnetostrictive coupling coefficient and initial and 


maximum permeabilities are calculated for various textures in nickel, an approximate model 


being used for magnetic properties. 


Experimental values are given for high purity polycrystalline nickel sheet produced by powder 


metallurgy and annealed in purified hydrogen. 


Comparison between theory and experiment 


indicates good agreement for Young’s modulus and fair agreement for magnetic properties. 
The textures were determined by X-ray photographic techniques and it was shown that strip 
possessing a cube recrystallized texture gave lower properties than recrystallized strip having a 


random grain orientation. 


It was also found, in agreement with previous work on copper, that 


the perfection of the cube texture was mainly governed by the temperature of anneal. 


It is well established that the magnetic domains in annealed 
ferromagnetic materials are alined as far as possible along 
preferred crystallographic directions. Practical application of 
this effect is illustrated by the deliberate production of cube 
texture in 3% silicon-iron) and 50% nickel-iron alloys.” 
The cubic orientation may be produced in face-centred cubic 
metals by a heavy cold reduction and subsequent high tem- 
perature anneal, the annealing temperature for best results 
often being rather critical. In iron, 3°% silicon-iron alloy 
and 50% nickel-iron alloy, the cube edge is the easy direction 


of magnetization and the production of a cube texture . 


improves the maximum permeability of the material. 

Little work has been done, however, on the dependence of 
magnetic properties on texture in sheet material for which 
the <111> direction is the easy direction of magnetization, as 
in nickel, although the roll and recrystallization textures for 
face-centred cubic metals generally have been investigated by 
several workers.) 

It was therefore decided to investigate the processing and 
annealing treatments required for the production of nickel 
strip, with and without texture, and then to determine the 
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average magnetic properties of the material, with particular 
reference to the initial magnetization curve, hysteresis loop, 
electromechanical coupling coefficient and dynamic Young’s 
modulus. 


THE MAGNETIZATION PROCESS IN NICKEL 


In order to eliminate errors due to demagnetizing effects, 
it is desirable to use toroidal ring cores. An explanation of 
the results obtained in this way was attempted by using a 
simple model based on domain theory. 

When a small magnetic field is applied to a stress-free ferro- 
magnetic material, the initial stage of magnetization occurs 
primarily by 180° domain boundary movement, no appreciable 
work being required to overcome magnetocrystalline aniso- 
tropy or magnetostrictive stress. Higher applied field 
strengths result in magnetostrictive strain, since the domain 
walls move in such a way that the domain magnetization 
vectors become parallel to that easy direction of magnetization 
nearest to that of the applied field. Finally, above the ‘“‘knee”’ 
of the magnetization curve, the magnetization of each grain 
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S rotated out of easy directions of magnetization, the 
approach to magnetic saturation being accompanied by 
inear magnetostriction and also being opposed by magnetic 
>rystal anisotropy. 

The relative magnetic properties for the various textures 
were calculated by assuming that the magnetization processes 
described above do not overlap. The first two stages are then 
amenable to calculation since they do not involve the mag- 
netic anisotropy of the material. The magnetic induction at 
the end of the first and second stages is taken as proportional 
to initial permeability jo, and maximum permeability p,,, 
respectively. 

It is more convenient in practice to determine the electro- 
mechanical coupling coefficient K, rather than magneto- 


striction. It has been shown that the two quantities are 
related by the following equation") 


ee Gay ie 
1 


where i(sq) = incremental magnetostriction per unit field 
EROHT, at constant stress; jz, = incremental 
permeability at constant stress; and 

E = Young’s modulus. 


(1) 


The maximum value of the electromechanical coupling coeffi- 
cient determined in the experiments occurs at d.c. polarizing 
fields corresponding to the second stage of the magnetization 


Table 1. Variation of property in sheet with angle measured from rolling direction 
Texture 
Rolling plane Major roll Minor roll Cube 
and direction (110) [112] (112) (11T] (001) [100] 
oF ee ; 
Initial permeability M2 Sy Bane 
3 4 ; 
1 na 
0<6< cost aie 5 60s 8, 
elo cee Gam sina 0<0< cos“ 4/5. /008 8 0< 6< a4. 
34/2 12 : 7 3 : 
Sere 1 SEA | 1 6 Nee 6 ibs 
cos! 3 < F< cos na oe te preitae 3 sin 8, m4<0< m2. 
i sin 6, cos-!4/2 Pad i Me Ae 
2 vi 
1 
cos! 3< 0< n/2. 
Maximum permeability _ oy ys ey 
2 cos 0, 
0<0< cos-!a/ 5. 3 
; . Oi Gc cost 4/2 
a/;cos 6 + 5 sin 8, . Hp 
: 5 500s 8 + a/5 sin 8, 3 sin @ + 77/4). 
cos ty/F G< costae oe 
SS ai i 
si. cos Be 6 = -a/2. 
1 
cos 1/5 <0< 7/2 
Magnetostriction ; 1 7 58 
Fagin paar eee 
D 1 
0<0< costa / me. + 3 cos 28), 
ee c8s DA isin 30 0< 8< cos). 
4A 34/2 : eel ae 5: ile 
= sin 20. 
as 0< cos taf i — > cos 26 + 4/5 sin 26 z 
ashe a [22 3 
Kee eee o0 eos=! <2 6< 7/2 
AeA ; SAE ede o, 
costa) <60< 7/2 
| é : 1 
Young’s modulus, direc- dpsie |. a 46 TEBE mY: Lh eae Er cos 46) 
tion cosine term only B21 O4 cos 28 + 96 Oe 32 r 24 CUS ESI: 96 3° 
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process, e.g. about 6 oersteds for annealed strip, so that for 
comparative purposes it is justifiable to neglect the third stage. 

The relative values of permeability are obtained by resolving 
the magnetization vectors into the field direction and summing 
the components. In calculating the magnetostriction, the 
change in length in a given direction is required when the 
direction of magnetization of the domain changes from one 
easy direction to another. If unit spherical volume in the 
non-magnetic state transforms into an ellipsoid of revolution 
in the magnetic state, it may be written as 


=8) | y oy: 


(1— 6? ° (l— ©)? (eee ee 


The length of a radius vector making an angle 6 with the z-axis 
is then 1 + €(3 cos? 6 — 1), neglecting quantities of the order 
of «2. The change in length when a domain magnetization 
vector changes from making an angle @, with the field direction 
to making an angle 6, is, therefore, proportional to 
cos? 6, — cos? 0. 

Calculations of this type have been made for four possible 
orientations of the crystals in nickel sheet; random orientation, 
major roll texture (110) [112], minor roll texture (112) [111], 
and cube texture (100) [001]. The accuracy of the description 
of roll textures in terms of (110) [112] and (112) [111] has 
been confirmed by Jones and Fell.©) Calculations for the 
minor roll texture are given in detail in Appendix I; the 
calculations for major roll and cube texture are similar, 
although in the case of the major roll texture allowance must 
be made for symmetry about the roll direction. The cal- 
culations for random orientation are somewhat different, in 
that the variation of properties is calculated for a field 
direction making an arbitrary angle with the crystal axes. 
The values so obtained are averaged over all possible 
orientations of the field direction. 

It was considered that the model described above, although 
over-simplified, could be expected to yield fairly accurate 
relative values of the magnetic properties for different textures. 


= 1 (2) 


magnetostrictive 
length change 


60 Me 
O> a : 


50 


~ 


\ initial permeability 


ee “ / S i Wa 
60) S 2 ee Bike . Z Lo 
Youngs modulus ie ih 


io" dyn/cm? 4 
\ NeeZs 
30 ~~ =e eee 
RD 
Fig. 1. Variation of property with direction for cube 
texture. Magnetostrictive length change, maximum 


permeability and initial permeability in arbitrary units 


O—oO cube texture; x—x random; RD, rolling direction; 
TD, transyerse direction. 
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The Young’s modulus may be calculated exactly in terms 
of the elastic coefficients C,;,;, Cy. and C44, as described in 
Appendix II. 

The expressions for the angular dependence of property 
relative to the roll direction are given in Table 1 for the four 
textures and, together with the average values, are plotted as 
a polar diagram in Fig. 1. The calculated average magnitudes 
round a ring are given in Table 2. 


Table 2. Average value of property round a ring 


Major roll — Minor roll Cube Random 
Initial permeability 0-502 0-493 0-540 0-500 
(arbitrary units) 
Maximum per- 0-887 0-883 0-735 0-883 
meability 
(arbitrary units) 
Magnetostriction 0-701 0-832 0-318 0-637 
(arbitrary units) 
Young’smodulus 20:8 20-8 16-6 19-8 


x107—!! dyn/cm? 


EXPERIMENTAL TECHNIQUE 


Two types of nickel were available for this work, cast 
ingots and powder metallurgy compacts. It is known that a 
heavy cold reduction in strip rolling is needed to give marked 
texture and that cast material cannot conveniently be given 
such a reduction, although the softer powder metallurgy 
compacts can. Further, preliminary experiments showed. 
that texture develops in strip made from sintered compacts 
at reductions which would be inadequate for cast material: 
appreciable roll texture is developed at 50% reduction in 
strip made from compacts, whereas, according to Barrett, 
cold reductions in excess of 90% are needed for conventionally 
made materials, presumably because of the higher impurity 
content resulting from the air-melting process. It was there- 
fore decided to use sintered compacts as the starting material. 

Two samples of 0-004 in. thick strip which had been cold- 
rolled by 96 and 99% respectively, were obtained for the 
experiments. Since it was found impossible to induce random 
or recrystallized roll textures in this strip by any annealing 
schedule, a further sample, 0-004 in. thick, was produced 
with a random grain orientation. The “‘randomized”’ strip 
was obtained by reducing 0-008 in. thick strip to 0-004 in. 
in two reductions of 0-002 in. with an anneal at 700° C prior 
to each reduction. 

The textures were determined using a Unicam single-crystal 
goniometer. The pole figures were obtained photographically 
and by this method no significant differences could be detected 
between the textures of samples reduced by 96 and 99% 
respectively. 

Several heat treatments were used to determine the con- 
ditions necessary to obtain a good cube texture. Pole figures 
for the as-rolled condition and for three of the heat treatments 
are given in Fig. 2 for the nickel strip which had received 99% 
cold reduction. The ideal textures are included for com- 
parison. From these results it was deduced that a good cube 
texture could be obtained in heavily cold-rolled strip by 
annealing at 1050° C, but that it was impossible to obtain a 
recrystallization texture free of cube orientation by annealing 
the heavily cold reduced strip even at temperatures as low as 
2502: 

As internal stress has a large effect on magnetic properties 
determined at low and medium field strengths, the results for. 
as-rolled strip could not be directly compared with those for 
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Strip in the recrystallized stress-free condition. Since it was 
impossible to retain the roll texture during annealing, it was 
decided that the magnetic properties of annealed nickel 
Strip possessing a cube grain orientation should be compared 
with those of ‘trandomized” material, although it was not 
expected that the differences would be so marked. Random 


RD 
Z (b) 
TD TD 
RO RD 
(c) (4) 
) TD. TD. 


Fig. 2. 


(200) pole figures for various conditions 


(a) As rolled; (6) annealed 500°C for 2h; (c) annealed 
1050° C for 1 h; (d) annealed 1050° C for 3 h. 


Ideal orientations: A (110) [112] major roll texture. 
(112) [111] minor roll texture. 
e@ (100) [001] cube texture. 


5 


orientation was therefore induced in a sample of nickel strip 
by the method already described. 

The cores for the magnetic tests each consisted of fifteen 
ring laminations of 5 cm outer diameter and 4 cm inner dia- 
meter. The rings fitted loosely into a plastic box, on which 
were wound two coils, one to supply a polarizing field and 
the other for the alternating field. Initial permeability was 
determined at a test frequency of 2 kc/s, and the maximum 
electromechanical coupling coefficient corresponding to 
optimum polarizing field and the resonance frequency were 
determined by measuring the variation of core impedance with 
frequency, as described by Clark.“?) The hysteresis loops and 
initial magnetization curves were determined ballistically in 
the usual way. The Young’s modulus was deduced from the 
equation 

(3) 


where p is the density, d is the mean diameter and fo is the 
resonance frequency. The annealing treatments used and 
the resultant textures are given in Table 3. 


E= waf2p 


EXPERIMENTAL RESULTS 


The roll texture developed in the cold-rolled nickel strip is 
of the usual type for face-centred cubic metals, i.e. a 
mixture of major and minor roll textures consisting of 
(110) [112] and (112) [111], respectively. The recrystalliza- 
tion textures developed on annealing the cold-rolled strip 
were all of the (100) [001] type, even at as low a recrys- 
tallization temperature as 250°C. At the lower annealing 
temperatures the texture was poorly defined and cube texture 
improved as the annealing temperature was increased, as 
shown in Fig. 2. It was found also that a good cube texture 
could be obtained if a substantially random specimen, which 
had been recrystallized at a low temperature, was re-annealed 
for three hours at 1050° C, and that the degree of perfection 


Table 3. Magnetic properties of nickel sheet 
D.C. results A.C. resultst 
Incremental 
Initial Risa Bere, Sah Mare a é aiica ss at 
5 i t . ¢, oupling Sensitivity SOs esonance frequency 
Production* ae ere niet meee ees P bility coefficient Qe On valores Reman- Optimum 
schedule Texture (cm) bility _(oersteds) (G) (oersteds) | (at2kc/s) K,y Koy x107. =x 107 Ey En ence polarization 
99% cold Normal  0-0100 69 62 3440 46 DOO 3062 02 07no at Oboe pe lt On ala WS 26 
reduction roll 
99°% cold Mixed 0-0100 625 4-7 3230 B)08} 142557 0"227 0° 28:597 52 19D 188205 TS 
reduction, 2h roll and 
at 500° C cube 
99% cold Cube 0-0100 1390 22:02" 3410 1-30 149 0-16 0-21 44 79 Lieto Ap AZ 59 
reduction, 3 h . 
at 1050° C 
96% cold Cube 0-0098 1450 1-0 3430 Medd 163=560=2 120-2556 50 1820-182) 121 61 
reduction, 3h 
at 1050° C 
25% cold Random 0:0099 2100 1-4 3480 0:92 201 0:25" 0228576 64 20235520 765ee boil 86 
reduction, 
anneal, 20% 
cold reduction, 
3 h at 1050° C 
99°% cold Cube 0-0100 1400 1:8 3300 133 166% 0-21-30 °235 6575) 59°62 ies si esa™ 134 93 
reduction, 2h 
at 500° C + 
3 h at 1050° C 


* Annealing atmosphere was purified hydrogen. 


+ The subscripts r and m denote properties determined at remanence and with optimum polarizing field respectively. 
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of this texture was apparently independent of the previous 
heat treatment. 

The main magnetic properties are shown in Table 3. It is 
seen that the initial and maximum permeabilities of annealed 
strip with random texture are respectively 30 and 50% higher 
than those of strip in which a cube texture has been induced. 
The electromechanical coupling coefficient and Young’s 
modulus are also seen to be texture dependent, the values 
being lowest for the material with cube texture. 


DISCUSSION 


An interesting feature of the X-ray photographs is that 
they indicate the presence of some cube texture after an 
anneal at only 250° C. In addition, heavily cold-rolled strip, 
recrystallized at 500° C and subsequently annealed at 1050° C, 
appeared to possess just as good a cube texture as the same 
strip annealed only at 1050° C. The magnetic tests confirm 
this finding. It is concluded therefore that the recrystalliza- 
tion texture is dependent solely on the maximum temperature 
of anneal and not on any prior anneal at a lower temperature, 
and that texture, once induced, cannot be eliminated by heat 
treatment alone. This result has also been found recently by 
Merlini® in copper. 

The relative magnetic properties for nickel sheets possessing 
random and cube grain orientation respectively, depend 
qualitatively on the recrystallization texture as predicted, 
although the numerical agreement is not particularly good. 
The ratio of magnetic properties for random and cube 
textures in nickel sheet are given in Table 4, (a) as predicted 


Table 4. The ratio random: cube of properties for nickel 
sheet possessing random and cube texture 


Calculated Experimental ratio 
Property ratio 96% reduction 99°% reduction 
Initial permeability 0-92 ive 25/ fe39 
Maximum permeability 1-20 1-45 Iees)I| 
Incremental magnetostriction 2-00 EDS 1:47 
Young’s modulus 123 jPoals) 1-20 


theoretically and (b) as determined by experiment. The 
incremental magnetostriction was calculated from experiment 
by assuming equation (1) and using the measured values of 
Young’s modulus, incremental permeability and electro- 
mechanical coupling coefficient. In view of the necessarily 
simple model which was chosen as a basis for calculation 
and because of possible imperfections in the recrystallization 
textures, the agreement between theory and experiment is 
probably as good as can be expected. Although the X-ray 
work revealed no obvious differences between recrystallized 
strip reduced by 96 and 99% respectively, the magnetic 
results appear to indicate that the 99% reduction yields 
magnetic properties inferior to those given by the 96% 
reduction, which implies a more perfect cube recrystallization 
texture in nickel strip reduced by 99%. The magnetic test is 
apparently more sensitive than photographic X-ray techniques. 
Good agreement was obtained between the calculated values 


for Young’s modulus and those obtained from impedance 
measurements. 


CONCLUSIONS 


An investigation of the conditions under which roll and 
recrystallization textures are produced in nickel has shown 
that, after very heavy reduction, the recrystallization texture 
invariably contains some cube texture, even when low 
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annealing temperatures have been used. In addition, it 
has been shown that the final cube texture is dependent solely 
on the highest recrystallization temperature and not on any 
previous heat treatment. 

Typical magnetic properties have been determined on 
nickel strip after various processing and annealing schedules. 
In particular, it has been shown that ring samples, possessing 
respectively random and cube recrystallization textures, 
exhibit quite different magnetic properties and also different 
Young’s modulus values. 

The ratio of average magnetic properties for random and 
cube texture is in qualitative agreement with calculated values 
based on a simple model of the domain magnetization 
process. The ratio of Young’s modulus for these textures is 
in good agreement with calculated values. 
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APPENDIX I 
Calculations for the magnetic model on minor roll texture 


Since there is symmetry about both the rolling and trans- 
verse directions, only one quadrant need be considered. The 
direction of the field can be specified by the angle 0, measured 
anti-clockwise, which it makes with the rolling direction [111]. 
To specify the domain vector two further angles are needed, 
pand is. These are defined in Fig. 3. If € is the angle between 


sheet normal 


domain 
vector 


field 


Origin direction 
Fig. 3. Stereogram showing definition of angles used 
in the calculations for the magnetic model 


the field and the domain vector, then cos € = cos d cos 6 + 
+ sin ¢ sin @ sin W. 

The values of the function of the angles for various direc- 
tions are given in Table 5. 

Initial permeability. In the calculation of the induction, 
those domains which have an antiparallel component must 
be reversed and the magnetic induction of all the domains 
resolved into the field direction. Two cases must be con- 
sidered which arise from reversal of [111] to [f11]. While 


VoL. 9, May 1958 


. 


Calculated and observed effects of texture on the magnetic properties and Young’s modulus of nickel sheet 


the field direction is nearer to [11T] than to [111] the domain 
vector will be in [1 TT] and conversely. The change-over will 
come when the field is along [132] which is perpendicular to 


[1iT]. 


Table 5. Functions of the angles for various directions in 


sheet possessing minor roll texture 


Direction Cos ¢ Sin b Sin ¥ 
111 zs eae 0 
3 
1 22° ANS 
3 3 2 
uk v3 
\ 3 3 2 
iterate aye ue 
3 3 2 
117 1 0 0 


1 
v3 : 


If the induction from each domain is taken as one unit 
then there are the following contributions (putting in the 
values from Table 5) 


from [111] and [111], 2 cos 0 


from [111] and [117], oe cos 6 


from [TIT] and [1T1], 25 2V2 sin 0) | 


cos 8 + 
) es s I W/ Pav —wy8 
from [111] and [111], be cos 6 + 3 sin a(—) | 


ORG Ores cost, /2 
24/2 


ey ea 


cos! /9 < G< 


or al -3 3 00S 6-4 


Se) 


adding these 


induction= 4 cos 6, 0<0< cos-!4/ 2 
8 Ae 7 

See See 

= 7003 0 + “asin 8, cos aS I<; 


If all the magnetization vectors are alined in the field 
direction, the maximum possible value is, in the authors’ 
units, 8, and working in terms of this as unity, 


6 
Ho = 5 c08 8, 0< 6< cos-ta/ 2 


ed 1/6 tm 
= ¢2cos 6 + v6 sin 8), cos z< O<5 


In practice, sheet material is often used in the form of rings. 
In this case 9 takes all values from 0 to 7/2. We therefore 
require the average value which is 

Po X 9,493 
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Maximum permeability. In calculating the induction it is 
assumed that all the domain vectors swing into that <111> 
direction nearest to the field. It can be shown that there are 
two possibilities, either along [111] or [111]. The change- 
over will come when £117 = €717, ie. 


when cos 6 = 4 


Therefore, working in the same units as for p49, 


Emax = COS 6, 


NWS cos14/2 


1 ape 3 ee 
aS = SA ESC 
3 cos 8 + 3 sin 8, cos 5 0< n/2 
The average is 

pe OS885 


Magnetostriction. Were the sum of the changes in length 
due to swinging from the original to final domain vector 
orientation is required, and again there are two possible final 
orientations, depending on whether @ is greater or less than 


3 
as hae he 
Cos Ae 


All domains will swing to [111], the contributions being: 


Oa0= cos!) 


1 
from [111], cos? €4;7 — cos? €;,; = cos? 9 — 9 COS” 0 
from [111], cos? €117 — cos? E177 = cos* 8 — 
— ee — /zsin 8) 
G 4 


from [111], cos? €:1; — cos? E717 = cos? @ — 


1 2 2 
SENS : 5 . ) 
( 3 COS a 3 sin 6g 
Summing, linear magnetostriction 2 is given by 


A=k e cos? 9 — ; sin? é) where k is a constant. 


If the maximum possible value is taken as unity, the constant 


: Ate eas) 
of proportionality is = 


: therefore A = cos* 6 — : sin? 0. 


Similarly 
Seas) 8 2 
cos7! ee 6< w/2, 3h = 3 cos 1s ea 


is 2 -~ 
— cos? €,;,; — cos? 77 — cos? €147 
Therefore 


eek eT | We 7 Dy. 2 
A 5 sin 64 3 sin 8 cos @ 3 2S 0 


The average is then 
X = 0-832 


APPENDIX II 


Variation of Young’s modulus with stressing direction in 
textured sheets of cubic materials 


It can be shown, e.g. Wooster,” that the Young’s modulus 
E ina direction making angles cos~! «1, cos~!«) and cos”! «3 
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with the axes of a cubic crystal with elastic coefficients c,,, 
Cy and c44 18 given by 


1 ve. Cn C12, 
Eo (cy — C12) (Cy + 249) 


2, 
(gt adie 
Crt =e 
This may be written as 


LE \a- be) - 


where a and 4 are constants for the material and f(a) is the 
direction cosine term. Taking the mean of the values given 
for nickel by Bozorth and others,“ and Neighbours and 
others, gives 1/E = 0:758 — 1-273 f(a) . 10~!? cm?/dyn. 

In the case of a crystal having some prescribed orientation 
with respect to a plane in which the stress axis must lie, the 
direction cosines are definable in terms of the orientation of 
the crystal and the angle between the stress axis and a 
reference direction. The way in which the Young’s modulus 
varies with direction is therefore defined by the orientation 
of the crystal in the sheet. 


2 
oka + aza%) 


Table 6. Direction cosine scheme 
Reference Transverse Plane 
direction direction normal 
x} O11 %12 X13 
Crystal axes x, O94 Cay) 033 
X3 X31 X39 X33 


If the direction cosines are as given in Table 6, the direction 
cosines of the stress axis which makes an angle @ with the 
reference direction are given by 


a, = & cos é + 12 sin 0 
X, = &, CoS A + a, sin b 
3 = &3; COS 7 + X39 sin 6 
Substituting these values gives 
f(@) = Ap + Az cos 26 + Aq cos 40 + B, sin 20 + B, sin 40 


where 


Clark and E. A, Fell 


1 
is) 2 
B= 5 [112412413 Op 10% p90%53 1 03 1032033 | 


2 2 
Be= qlee1ali2 — OF) + O&1%a9(or5. — % 94) + 
+ 04340%39(03 — 0631)] 


Now the rolling process imposes symmetry about the 
rolling direction, but for the single-crystal equation given 
above this is not the case. The equation must, therefore, be 
averaged with that for the mirror image orientation, which is 
equivalent to suppressing the sine terms. 

If, as in the text, Young’s modulus is measured by deter- 
mining the resonant frequency of a ring, then an average 
value is required. There are many possible averages, of which 
that corresponding to uniform stress is the easiest to deter- 
mine, since it merely involves averaging f(~). This gives the 
average value of E, E =1/(a — Apb). For the cases of 
interest, the value so determined is a few per cent different 
from that obtained by numerical integration of E, which 
corresponds to uniform strain. The uniform stress value is 
therefore a sufficiently good approximation for our purpose. 

It is also interesting to note that, if a <111> direction lies 
in the sheet, «#; + «$; + a4, = 4 for all orientations of the 
sheet. In this case Ag = 7/32 and the average value of 
Young’s modulus round a ring is independent of the texture, 
so that it cannot be used to distinguish between various 
possible descriptions of the texture. 
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Prismatic fin with non-linear heat loss analysed by resistance 
network and iterative analogue computer 
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[Paper received 16 October, 1957] 


The paper analyses heat flow by natural convection from a fin of uniform conductivity and 

cross-sectional area, fixed at one end to a hot wall and immersed in a cooler fluid. A resistance 

network analogue is used in conjunction with a new type of iterative analogue computer to 

determine the temperature distributions and fin efficiencies for a variety of fin proportions, on 

the assumption that heat loss is proportional to the local temperature to the power 5/4. Results 
are compared with the case of linear heat loss. 


| 


The theory of heat transfer from secondary surface elements 
(fins) has been extensively developed with the assumptions of: 
(i) fixed fin root and surrounding fluid temperatures; (ii) fin 
temperature dependent only on distance from the root; 
(iii) heat flux from the fin surface proportional to difference 
between local fin temperature and fluid temperature (see, for 
example, Schneider“ for references, and Kayan). 

_ When the fin projects into a fluid, the bulk of which is at 
test, heat transfer results by natural convection; the heat flux 
is then proportional to the local temperature to the power 5/4 
under common conditions, in contrast to assumption (iii) 
above. Because of the resultant non-linearity of the heat-flow 
equation, this case appears not to have been analysed, despite 
its practical relevance. 

The present paper analyses heat flow by natural convection 
from a fin of uniform conductivity and cross-sectional area. 
‘It is supposed that the heat flux is the same non-linear function 
of temperature difference at all points. Temperature distri- 
‘butions and fin efficiencies have been determined by an 
automatic electrical analogue technique, and are compared 
with the results of the linear theory. Heat loss from the end 
of the fin is taken into account. 

It is recognized that the present one-dimensional problem 
could be solved by numerical computations without excessive 
difficulty. The problem has been solved by resistance network 
analogue however, as a demonstration, on an example of 
engineering interest, of the new method of dealing with non- 
linearity. The present technique is applicable without 
modification to two- and three-dimensional problems, the 
numerical solution of which would involve prohibitive labour. 


| LIST OF SYMBOLS 

Thermal quantities 
A, cross-sectional area of fin. 
C, heat loss per unit surface area of fin divided by 

CE $-% Ty 14, 

h, length of block in terms of y (= 1/7 in present example). 
j, suffix designating block, numbering from wall. 
k, thermal conductivity of fin. 
K, non-dimensional fin parameter, = /?pC(T,, — T,)'!4/Ak. 

J, length of fin. 

 p, perimeter of fin cross-section. 

g, rate of heat loss from whole fin. 

T, temperature (local) of fin, assumed uniform over a cross- 
section. 

__ T,, fluid temperature. 

_T,,, wall (fin-root) temperature. 
x, distance of fin cross-section from wall. 
y, non-dimensional distance from wall, = x/l. | 
6, non-dimensional fin temperature, =(T— T;)/(T, — T;). 
VoL. 9, May 1958 


185 


@, 6 at fin root, = 1. 
n, fin efficiency, = g/[pl(1 + A/pl)C(T, — T;)*!4]. 


Electrical quantities 


g, function generator coefficient. 

i, current withdrawn from network point. 

i,, current supplied to whole network. 

J, suffix denoting network point. 

R, resistance in cathode circuit of current-controlling 

element. 

r, resistance between adjacent network points. 

V, voltage across R. 
V,, h.t. supply voltage. 

v, voltage at network point, representing T — Ty. 
Uo, voltage representing 7,, — Ty. 


HEAT TRANSFER THEORY 


Fig. 1 illustrates the system considered. The fin has 
length /, cross-sectional area A and perimeter p. Its con- 
ductivity is k, and the heat loss per unit surface area is taken 
as C(T — T,)!4 where C is a constant derived from natural 


fluid at 
temperature Tf 


c(t-1)Fp 8x 


(} 


Fig. 1. The heat-flow problem 


(a) Prismatic fin immersed in a fluid. 
(6) Temperature distribution. 


convection theory, T is the local fin temperature, and Ty is 
the fluid temperature. At the fin root, where it abuts the 
wall, the fin temperature is 7,,. The problem is to determine 
the temperature distribution in the fin and the total heat loss 
to the fluid. 
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Differential equation. The Fourier heat-conduction equation, 
combined with the condition that the state is steady, leads to 
Ak(d?T/dx?) = pC(T — T,)°!4 (1) 
where x is the distance from the fin root. 
Introducing the dimensionless quantities 


6 = (T= T,)(T,, — Tp), 
y=x/l, 
K =l*pC(T,, — T,)'4/Ak, 
equation (1) becomes 
d?6/dy? = K05/4 (2) 


Boundary conditions. At the fin root (vy = 0), we have 
6 = 6) = 1 by definition. 


At the fin end (y = 1), we have 
Ak(dT/dx) = — AC(T — T;)°/4, 
ie. dO/dy = — K(A[pl) . !4 (3) 
Finite difference form. The electric analogue involves the 
supposition that the fin can be “lumped” into a number of 


blocks of uniform temperature connected by “‘resistances” to 
heat transfer. The “lumping” diagram is given in Fig. 2 and 


3 a 


(b) 


fe) y | 


Fig. 2. Method of lumping 
(a) Fin. 


(6) Temperature distribution in dimensionless form. 


is for seven blocks. The differential equation and boundary 
conditions must therefore be approximated by finite difference 
equations as follows. 

For blocks away from the fin extremities 


O41 +O — 26; 


re is KOE (4) 
For the first block (j = 1) 
1] (0, —8,) (8; — %) FM a sera 
if re h/2 ai (5) 


where 6) = 1 by definition of 0. 
For the last block (j = 7) 


1| (@, —8,) (6, —4,) a 
Al eRe ment, aed Bae Sek (6) 
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At the right-hand extremity 


Dora Ouse, t gsi4 7 
TT K (A/pl 63 (7) 


Here subscript / indicates the location of the block, number- 
ing from the fin root, A is the block length (there are 1/h = 7 
blocks altogether), and 0 is the temperature of the end face 
of the fin. 

The mathematical problem. The task is to solve the system 
of simultaneous non-linear equations (4), (5), (6) and (7) for 
various values of K and of A/pl. The first of these factors 
measures the ease of heat loss from the surface relative to 
the ease of axial heat conduction; the second is the ratio of 
the area of the end of the fin and the remainder of the exposed 
area. Of special importance is the heat-transfer g, across the 
fin root, which equals the total heat loss from the fin. In 
differential form this is given by 


Deeca 


pala = D(H) ‘ 


In finite difference form this becomes 


. _kA(T, — T) Op — 9) 
A i h[2 


(9) 


The performance of a fin is usually expressed in terms of 
the ‘‘fin efficiency” 7, defined as the actual heat transfer from 
the fin surface, divided by the heat transfer which would 
occur if the whole surface were at the wall temperature. 
From equation (8), therefore 


== (d0/ dy)o 


1 (+ Alp)K “ 


THEORY OF THE ELECTRICAL ANALOGUE 


The electrical analogue used to solve the problem is shown 
in Fig. 3. The seven uniform-temperature blocks are con- 
sidered as concentrated at points 1 to 7 and separated from 
each other by six equal resistances r. Separation from the 
ends is by two further resistances r/2. Fin temperature is 
represented by electrical potential along the network of 
resistances, and heat flow in the fin by electric current through 
the network. Currents i, — ig simulate heat loss from the 
fin surface and free end, and are controlled by an iterative 
analogue computer comprising eight thermionic valves and 
a scanning and current-adjusting circuit. 

The following equations hold for the analogue under 
equilibrium conditions, i.e. when there is no accumulation of 
charge (representing heat) at any point. 

For points away from the extremities 


Up Se Vj_4 = 20; 
r 


a (1) 
for the first point 


Uz — Vy Vy — U% 
r r/2 
for the seventh point 


(12) 


=z i, 


Ug Se V7 U7 = V6 3 
oie St eas a ag 
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vhile at the right-hand extremity 


2 SA el a 
r/2 * 


(14) 


ind at the left-hand extremity 


v1 .-* Vo 
: r/2 

_ Comparing equations (11), (12), (13) and (14) with (4), 
5). (6) and (7) we see that the similarity is complete and the 


= ig. 


(15) 


| (1) (2) (3) (4) 
: N 


W = wall. 
N = resistance network simulating fin. 


‘roblem is solved provided that v/vp is interpreted as 6 and 
de currents are adjusted to have the values 
| : Ee Cy 
ri — pees 
is 2) 


ij (16) 
orj = | to 7, and 
. . . hPugK A as 


| "8 r_ plh\v 


(17) 


| Values of @ along the fin are thus given by values of v/v 
Jong the analogue, while the temperature gradient at the 


oft-hand extremity is, from equation (15), 
Geo 2 Flo 
hv 


(18) 


h/2 


yhere 0) = 1. It may be noted that this is also the mean 
tadient between points 0 and 1. 


THE PROBLEM OF NON-LINEARITY 


~ Conventional solution. To satisfy equations (16) and (17), 
ne eight currents must be adjusted to be in the correct 
5/4 power) relation to the local voltages. The method most 
sually adopted in this type of problem is to make the 
djustments manually, each current being supplied from a 
igh-impedance source so-as to be relatively unaffected by 
hanges in the network voltage. However, this method is 
2dious because the adjustment of any one current modifies 
he potentials throughout the network and upsets all the 
‘ther adjustments. An iterative procedure is thus rendered 
iecessary, whereby every adjustment is repeated several 
imes until all are simultaneously correct. 
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Display technique. Liebmann and Bailey have described 
a scanning technique whereby the errors in adjustment are 
displayed on a cathode-ray screen. This enables the larger 
errors to be picked out and reduced first, considerably easing 
the adjustment procedure which is, however, still manual. 
The method does not seem to have been applied to cases 
where the current-voltage law is non-linear. 

Use of non-linear resistors. The difficulties of manual 
adjustment can be overcome by attaching a suitable non-linear 
resistance element to each point on the network. For 
example, Lawson and McGuire“ have used non-linear 
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(5) “() (7) (8) 


Fy Lee RS ae COME os ee a OO CN Olas eo ee eh See 


| Fig. 3. Resistance analogue with current-controlling elements 


E = free fin end. 
S = elements simulating surface heat loss. 


resistors of Metrosil combined with ohmic resistors to: 
approximate a desired law in solving heat flow problems, 
while MclIlroy©) uses some two hundred varieties of tungsten- 
filament lamp to simulate the pressure-flow characteristics of 
fluids flowing in pipe networks. 

This approach is simple in principle but somewhat 
inflexible in practice unless a large stock of non-linear 
resistors is made up to provide a range of coefficients. An 
alternative in the present case would be to construct several 
(linear) networks, each of different resistance, so as to enable 
several different sets of results to be obtained with a single 
set of non-linear resistors. But this would still be tedious. 
Another disadvantage of the method is its limited accuracy 
owing to the difficulty of obtaining the desired law over a 
sufficiently wide range of voltages. 

Use of conventional analogue computers. A_ different 
approach has been described by Karplus,“ who connected a 
complete analogue computer unit of conventional type to 
each node of a network of resistors so as to maintain con- 
tinuously the desired non-linear relation between each current 
and the associated voltage. In a typical case involving four 
computer units, each comprised three high-gain d.c. amplifiers, 
a servo-amplifier, and a motor-driven three-gang potentio- 
meter. This system is rapid in operation and adjusts the 
currents with an accuracy of about | %, but it clearly becomes 
costly if there are more than a few network points. 


ITERATIVE ANALOGUE-COMPUTER SOLUTION 
TO THE PROBLEM OF NON-LINEARITY 


Principle of the system. n the present case, an iterative 
automatic system has been adopted for adjusting the currents. 
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withdrawn from the network. As shown in Fig. 3, each 
current flows through a triode valve connected as a cathode- 
follower and having a 1 F capacitor connected to its grid. 
The current through each triode depends primarily on the 
grid potential, which is held substantially constant for several 
seconds by the capacitor when no other connexion is made 
to the grid, and only slightly on the anode potential. 

The triodes thus constitute a set of current-controlling 
analogue memory units which are adjusted in turn according 
to the output of a function generator, the input of which 
scans the network potentials. 

The scanning and adjusting circuit is shown in Fig. 4 and 
contains an a.c.-coupled amplifier connected in a null-balance 
arrangement to amplify the control signals and hence 
minimize the errors in adjustment. Operation of this system 
is described in detail by Hutcheon. In principle, the 
apparatus makes a “‘first guess’ at the appropriate potential 


to Al-8 to Ki-g to Gi-8 
ee ea ps dikes Ciba ested tah Be 
seeedbaaa bebcbaaa bobddada 


} 


9 (¥) Me constant 


a 


SS 


Fig. 4. Scanning and current-adjusting circuit 


S = continuously rotatable three-gang switch. 
F = function generator. 
A = amplifier. 


at each network point and then, as the scanning switch is 
continuously rotated, adjusts the currents and improves the 
guess on successive cycles until equilibrium is reached and 
the solution is available in the form of voltages along the 
network. 

The system is relatively simple, since only the memory 
units are duplicated. The valve characteristics do not have 
to be accurately matched, and it is necessary merely to make 
all the cathode resistances equal in order to ensure that each 
unit has the same current-voltage law as every other one, 
while local modifications to this law can be made, if desired, 
by adjusting the individual cathode resistances. It is also 
flexible, since different laws can be introduced simply by 
modifying the characteristics of the single function generator, 
a change in coefficient in particular requiring merely the 
adjustment of a gain control in the generator. The experi- 
mental computer contains a hand-rotated switch, and 
solutions are reached after several cycles. This takes several 
seconds, but much faster operation could clearly be obtained 
by the use of a motor-driven switch of suitable design. Some 
details of the amplifier and function generator are given 
below. 

Amplifier. The amplifier has only two stages, one of which 
is a cathode-follower to provide a low output impedance and 
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enable the memory capacitors to be charged rapidly. The 
gain was normally set near its maximum of about fifty: the 
circuit is shown in Fig. 5. 

In order to avoid the errors inherent in alternative circuits 
using, for example, differential amplifiers, the whole amplifier 
was designed to “float”? at the function generator output 


+300V 


2(12AX7) 


chassis 


Fig. 5. Amplifier 

potential. The chassis was connected to the low-impedance 
input terminal and isolated from earth, while the h.t. trans- 
former was fitted with a double inter-winding screen to 
minimize the stray a.c. flowing to earth via the function 
generator. 

Function generator. The function generator, Fig. 6, 
comprises a biased-diode network arranged to approximate 
the law. , 

(19) 


where v is the input voltage, by four straight-line segments, 
g being variable from zero up to a maximum of 0-1 by means 
of the calibrated 5k® output potentiometer. The cathode- 
follower output stage presents a low-impedance path to 


Output voltage = g(v)5/4 + constant 


2-5kN 


Ik 2°SkOL. USK 25k 15kO 


SOV (V) 


standardize 


calibrated 


Fig. 6. Function generator 
D,_3 silicon diodes: Ferranti ZS10A. 


earth for stray currents from the amplifier, and enables the 
potential of the whole amplifier to be changed rapidly. 

The ideal curve was first plotted for g = 0-1, and four 
break-points chosen slightly off the curve to give segments 
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deviating from the curve by not more than about $% of full 


output. Thus: 
Table 1. Function generator characteristic 
y 0.1 v5/4 Output at break 
(V) (calculated) points (V) 
0 ) 0 +constant 
10 1-778 1-7 + constant 
30 7-021 6:9 + constant 
60 16-70 16-6 + constant 
100 Ble 62 31-5 + constant 


The 1 MQ potentiometers were adjusted to set the slopes of 
the segments, being first shorted in turn while the 2:5 kQ 
potentiometers were adjusted to set the break points. The 
constant component of the output arises in the cathode- 
follower, but ‘is eliminated by the zeroing action of the 
current-adjusting circuit. 

Scale factors. When the analogue solution has been set 
up, the currents withdrawn from the network are given by 


BO 

lige op for j-=1tto.7 
Ve gv3'4 

Pe Be he Re 


‘whence it can be seen, by comparison with equations (16) 
and (17) that the probicnn is solved for the following conditions 


, 
) K = 5 Qvo)'l4 (20) 
A R 

Pleo Rp a 


The following values of circuit parameters gave a range of 
\values of K from zero to 12-5 and of A/pl from zero to 


g = 0 to 0:1 adjustable 


\ 


he= 1/7 

RS kKO0A1Y, 

R= 10kQO + 0-1% 0f 6-2kQN +1% 
vy) = 100 V 


Rg = infinity or R or R/2 


RESULTS 


' Voltage measurements along the network are plotted as 
‘-atios in Figs. 7 [(a), (b), and (c)] and represent dimensionless 
semperature distributions along the fin for various conditions. 
The general shape of these curves is similar to the well- 
\cmown case of linear heat loss. 

| Fig. 8 shows the fin efficiency as ordinate plotted against 
‘1+ Alpl)\/K as abscissa. Values of (d6/dy)y used in 
salculating the fin efficiency by equation (10) were derived 
according to equation (18) from measurements of the current 
‘9 supplied to the high- voltage end of the network. The 
Juantity plotted as abscissa is related to the geometry, etc., by 


(1 + Alpl)/K =I + Alpl)/[pC(Ty — T)'*/Ak] (22) 


and i is chosen because /(1 + A/p/) is the “‘effective fin length” 
‘ntroduced by Harper and Brown®) to bring fin data of 
various A/p! values approximately on to a single curve; 
(i + A/pl) represents the length of a fin of the same cross- 
sectional shape and exposed area as the given one, but with 
an insulated free end. i 
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Examination of Fig. 8 shows that all the points do indeed 
lie on a single curve within the limits of experimental error. 
Also drawn on Fig. 8 is the line 

— h{ + Alpl/K] 
(1 + A/pl),/K 
which represents the fin efficiency for a linear surface heat-loss 
law. 


(23) 
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It is seen that, for small values of K (short fins), the analogue 
results agree closely with the “linear” law. For larger values 
of K, the analogue shows the efficiency of a fin losing heat 
by natural convection to be somewhat lower than that of a 
fin with constant heat transfer coefficient, although the 
difference does not exceed 10%. 


1O 


—— 


_linear heat loss 
curve 
+ 
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+ 


Fin efficiency n 


— 
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NR 


i 


Oo | 3 4 5 
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Fig. 8. Fin efficiency 
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These results are to be expected. At low values of K, the 
whole fin is practically at wall temperature, so the heat 
transfer coefficient is practically uniform despite the 5/4 power 
law. As K increases, the falling surface temperature reduces 
the surface heat-transfer coefficient. 

A check on the accuracy of the analogue is possible at high 
values of K, where the fin is so long that the end temperature 
is practically that of the surrounding fluid. For this case we 
can integrate equation (2), as 


$[(d8/dy)?], = (4K/9)[9°/4], (24) 
and put (d@/dy), = 0, 0; = 0 and 6, = 1. Hence 
(d8/dy)o = — »/(8K/9) 
and so 
— —(db/dy)y / (8/9) 
(+ A/p)K (1 + Alpl),/K 
0-943 
(25) 


~ + Alpl/K 


The rectangular hyperbola 0:943/(1 + A/pl)\/K is drawn 
in Fig. 8. It is seen that the analogue results fall somewhat 
below this asymptote. This is believed to be due to the 
truncation error (small number of ‘‘blocks’’) which becomes 
increasingly important as the voltage distribution curve shifts 
to the left [Figs. 7(a), (b), (c)]. 


CONCLUSIONS 


(1) Network analogues can be constructed for non-linear 
problems, without the necessity to use more than one non- 
linear element, by using a single function generator to provide 
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iterative adjustment of a number of control elements with 
memory properties. 

(2) This enables natural convection boundary conditions 
to be incorporated in network analogues for heat transfer 
problems. 

(3) In the particular case studied, the fin of uniform cross- 
section, the analogue showed the fin efficiency to be prac- 
tically the same as that of a fin with linear heat loss when 
the fin is short, but to be up to 10% less than that of the 
“Jinear’’ fin when the (non-dimensional) fin length is greater. 

(4) The crude (seven-block) subdivision of the fin intro- 
duced truncation errors for low fin efficiencies. No difficulty 
of principle prevents the use of a finer sub-division however. 

(5) The technique used is applicable without modification 
to two-dimensional problems. Variation of the surface heat- 
transfer coefficient by a multiplier depending only on position 
is also easily dealt with. 
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APPENDIX 


Accuracy of analogue 


Proportional band error. The current-adjusting system is 
a closed-loop arrangement and has a proportional band of 
width dependent on the characteristics of the cathode-followers 
and the gain of the amplifier. The proportional error can 
be assessed as follows. The anode-cathode voltage for any 
of the triodes in Fig. 3 is V, + v; — V; (j = 1 to 8) where: 


V, = 120 V (for all cases except K = 12:5) 
v; = 0 to 100 V 
V; =0to 31:5V 


The range of anode-cathode voltage employed is thus 
approximately 120 to 190 V, while the corresponding range 
of cathode currents, with 10 kQ cathode resistors, is 0-3 mA. 
The grid-cathode voltage required by a strapped type 12AX7 
valve under these conditions varies from —2-:0 to —1:2V 
approximately, i.e. not more than +0-5 V about a standing 
bias of —1:5V. This control signal is derived from the 
amplifier and, if the gain is fifty, corresponds to an input 
signal, i.e. an error in cathode potential, of +0-01 V which 
is about +0-03% of the maximum cathode potential. Hence 
errors in current adjustment relative to the function generator 
output should not exceed about +0:03°% of the maximum 
current plus the cathode resistor tolerance. Errors will be 
slightly greater for the circuit values used for the case where 
K = 12-5 but are still small. 
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Other errors. Network voltages were measured and the 
function generator was calibrated using a Model 8 Avometer 
(accuracy +2% of full scale) while the input current to the 
network was measured on a similar Model 7 meter (+1:2%). 
Function generator errors comprise the inherent straight-line 
segment approximation (3°) together with errors in initial 
setting-up and subsequent battery standardization. 
| 


"i 
f 
| 


It is difficult to assess the total effect of these errors on the 
final results and still more so to allow for truncation errors 
due to the lumped nature of the analogue. It is, however, 
clear that the system accuracy could be made quite high by 
the use of potentiometric methods of measurement and finer 
subdivision of the network, and ultimately would probably 
depend on that of the function generator. 
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This paper describes a method of detecting laminations in steel sheet based on the distortion 


they cause in the flow pattern of an electric current through the sheet. 


Direct current is passed 


through the sheet between two contacts on opposing faces while the potential difference between 


rises sharply if a lamination is present. 


| 


pe defects in steel sheet known as laminations are the 
‘remains of cylindrical cavities in the parent ingot, which by 
subsequent rolling may become thin cavities of relatively 
dJarge area, parallel to the surface of the sheet, and considerably 
extended in the direction of rolling. These defects, normally 
invisible at the surface, often show up when the material is 
‘pressed or deep-drawn. One characteristic of laminations is 
‘that they can impede the flow of electric current, and there is 
‘a measurable difference between the flow patterns of current 
in sound and in laminated material. The method employed, 
‘therefore, is to pass current perpendicularly to the plane of 
‘the material and to measure the potential gradients near the 
‘points where the current is injected. 

| There is a superficial resemblance between this technique, 
and that of Thornton and others“! ”) for the measurement of 
ithe thickness of plate. Thornton injects current so as to 
‘flow in the plane of the material and by measurement of the 
iresulting potential gradient can deduce a factor proportional 
‘to the resistivity and thickness of the material. The essential 
‘differences in the two techniques are that for the thickness 
‘measurement, the current flow is in the plane of the material 
and a uniform potential gradient is measured between the 
injection probes; for the lamination detection, the gradients 
are measured not between but in the near neighbourhood of 
the injection points and are changing sharply, while the 
‘current flow is perpendicular to the plane of the material. 


DESIGN OF THE INSTRUMENT 


The circuit arrangement employed is given in Fig. 1, and 
consists of a four-probe system. One pair of probes, on 
opposing faces of the test material, form part of a constant 
current circuit, while the remaining two A and B are con- 
nected to a suitable potential measuring instrument. The 
influence of design parameters was investigated by a simple 


| * Now at Messrs. Bailey Meters and Controls Ltd., Croydon, 
Surrey. 
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two adjacent contacts is measured. This potential difference is very small in sound material but 


Not every lamination can be detected by this method because, for this to happen, it is essential 
that it should form an electrical discontinuity. For example, experience has shown that in hot- 
rolled strip most of the laminations are not detected, but in cold-rolled strip the great majority 
above 0-25 in. wide do form a discontinuity and can be detected with certainty by the instrument 

described. 


two-dimensional model technique which will be briefly dis- 
cussed. These experiments were carried out using Teledeltos 
recording paper as the test material, which could then readily 
be cut into a number of different shapes with slots cut to 
represent laminations. In all cases, dimensions have been 
quoted as ratios of strip width, ¢, since a linear change of all 
dimensions will not influence current flow patterns. Fig. 2 


Fig. 1. Schematic circuit arrangement 


Measured potential| applied voltage 


(d/t) 
Variation of potential along strip edge 
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gives the potential distribution along an edge of strip having 
a slot of length / symmetrically placed about the line of current 
contacts together with the simple circuit used. The potential 
at distance d from the current contacts is expressed as a 
fraction of the potential difference applied to the paper. 
With this circuit, the measurements were not independent of 
contact resistance and it is for this reason that the potential 
at points remote from the current contacts does not reach the 
expected value of 0:5. The curves do, however, show the 
form of variation and illustrate the fact that for a givert 
length of slot there is a particular distance at which the 
potential exhibits the greatest change due to the presence of 
the slot. The graph also shows that since, in the case of a 
strip having no slot, the potential has reached a steady value 
at a distance given by d/t = 2, the current contacts could be 
placed at a distance from the edge of the strip of approxi- 
mately this order without introducing appreciable edge effects. 

Measurements were made with the final system of Fig. 1, 
to determine how the potential difference varied as the 
contact system was moved relative to the slot in the paper, 
for different contact spacings. Typical results are shown in 
Fig. 3 for one such contact spacing, d/t = 5. The maximum 
change in potential difference produced by different slots 
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Fig. 3. Variation of potential difference during scanning 
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Fig. 4. Determination of optimum contact spacing 
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was calculated and plotted against contact spacing as shown 
in Fig. 4. The existence of a fairly sharply defined value of 
d/t for a given slot length is clearly shown. It may also be 
seen that while for small values of //t small values of d/t are 
required, at contact spacing of d/t = 1 a response which is 
not very far removed from the maximum will be achieved 
for all values of //t above 4. No attempt was made to obtain 
rigid design data which could be applied to a practical 
instrument because of the difficulty in applying the results 
of the two-dimensional model to the three-dimensional case, 
but the model results indicated that contact spacings of the 
order of the sheet thickness would be required. Fig. 5 shows 


200 


ag 
fe) 


Potential (arbitrary units ) 


° ] Diinieoes 4 5 6 7 8 9 
Distance of current contacts from edge of sheet (in) 
Fig. 5. Measurements on steel sheet 


the results of measurements taken on a piece of laminated 
steel 0-05 in. thick having a lamination approximately 24 in. 
wide (//t = 50). Contact spacings of +in. and 4in. were 
used and the results show that yet smaller spacings would give 
greater response. 


DESCRIPTION OF THE INSTRUMENT 


A schematic arrangement of the final form of the instru- 
ment is shown in Fig. 6, while the electrical circuit conforms 
to Fig. 1. It consists of a pair of duralumin tongs 24 in. long 
pivoted near one end with the contacts mounted near the 


O-3 millivoltmeter 


on-off wa 


contact blocks mounted 


in end of tongs spring 


Fig. 6. Schematic diagram of tongs 


other end. A 3-0-3 millivoltmeter is mounted on a bracket 
above the contacts. Fig. 7 shows on an enlarged scale the 
spring-loaded contacts, which are of ‘“‘D” section silver 
steel { in. in diameter thus obtaining maximum mechanical 
strength with minimum separation. A thin layer of oiled 
silk between the two halves provides the necessary insulation. 
Their points, rounded to reduce scoring of the sample, are 
0-022 in. apart. A 12 V lead acid battery supplies current 
at 10 A through a control rheostat which acts as a “swamp” 
resistance giving constant current in the circuit for all normal 
changes in contact and specimen resistances. An on-off 
switch ensures that current does not flow when the sheet is 
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not in position between the contacts. 
instrument in use is shown in Fig. 8. 


A photograph of the 


electrical 
connectors 


thin 
insulating 
strip 


/ 


current contact \ potential contact 


enlarged view of 
contact points 


eo oo 


Fig. 7. Contact assembly 


Fig. 8. 


The instrument in use 


RESULTS OBTAINED 


| 


A number of trials of the instrument have been carried out 
yn both cold and hot-rolled sheet. The tests on cold-rolled 
trip were successful, confirmation of the presence of lamina- 
ion where indicated by the instrument being obtained by a 
lestructive test. The narrowest laminations encountered 
vere roughly 4 in. wide, but it was not known whether smaller 
aminations were present. In the case of hot-rolled material 
10 indications of lamination were obtained though wide 
aminations could be seen at the edge of the specimens with 
he naked eye. Even after the removal of the scale by pickling 
nd rubbing down with emery cloth so that ideal contact 
vas obtained, no lamination was detected. This was thought 
o be due to the two faces of a lamination being in fairly 
intimate contact in hot-rolled material so that electrical con- 
act is maintained over a considerable area of the lamination. 
t should perhaps be emphasized here that providing a 
lefinite electricah break occurs over even small widths of 
amination, then detection must be possible with the system 
ised, the sensitivity being governed by the dimensions of the 
fheet and the lamination, and the contact spacing. 

| The idea.that cold working apparently “‘opens”’ a lamination 
ias received confirmation by some experiments made on the 
tritish Iron and Steel Research Association 14 in. Rolling 
Aill at Sheffield. Some hot-rolled samples suspected of 
eing laminated were indicated by the instrument as being 
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sound. These samples were cold-rolled from about 0-1 in. 
down to about 0-020 in. and after each pass were examined 
with the instrument. After approximately 20% reduction 
several of the samples showed indications of being laminated 
and the response of the instrument increased with increasing 
reduction. This indicated a gradual opening of the 
laminations as cold-rolling proceeded. 

In a second trial, the end of a 72 in. wide coil of cold 
reduced strip suspected of being laminated was thoroughly 
inspected with the instrument and the contours of laminations 
in the sheet detected by the instrument marked on the surface. 
Sections were then cut from the sheet in the positions indicated 
as being laminated and in other arbitrary positions. These 
were mounted and the edges polished so that the presence 
of a lamination in a section could be detected visually. This 
provided a crude statistical method of checking the per- 
formance of the instrument, and of a total of 24 laminations 
in the sheet 16 were detected by the instrument. The widths 
of laminations varied from 0-01 in. approx. to 1-2 in. 
Below a width of 0-1 in. no laminations were detected by the 
instrument although two were visible from the sections taken, 
each approximately 0-01 in. wide. Between 0-1 in. and 
0-3 in. three laminations were detected and two missed, and 
similar results were obtained with 0-3 in. and 0-Sin. Of 
the remaining twelve laminations above 0:5 in. all but two 
were detected by the instrument. 

The instrument has more recently been applied to a number 
of problems of an applied nature. For example, samples of 
one metal bonded to another have been examined and it 
has been possible to detect areas of bad bonding. As would 
be expected, the instrument can be used on metals other than 
steel, although a change of operating current may be necessary 
to give comparable sensitivity. 

In its present form, the instrument is only suitable for 
inspection of static samples, but the technique is being 
developed for continuous inspection, particularly of moving 
strip. It is felt, however, that the portability and simplicity 
of the manually operated instrument will find many appli- 
cations where a thorough inspection of large areas is not 
required. 

CONCLUSIONS 


The electrical method described will detect laminations in 
cold reduced sheet provided that they present a definite 
break in electrical contact between the two faces of the sheet. 
Under these conditions the manual instrument will detect 
laminations as narrow as 0:1 in. although careful searching 
is requiied for laminations of this size. Experience gained 
during the development of the instrument suggests that most 
laminations above 0-5 in. wide are electrically “open” and 
that these may readily be detected. 
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[Paper first received 14 October, and in final form 16 December, 1957] 


The open circuit magnetization of rectangular bars of various modern permanent magnet alloys 
has been measured at temperatures up to 550°C. A differential ballistic method has been used 
and, after magnetization at room temperature, both reversible and irreversible losses occur on 
heating. These losses vary with material and dimension ratio, and in an attempt to explain these 
variations demagnetization curves at 500° C have been measured. To avoid the irreversible 
losses, stabilization at a higher. temperature is better than ageing in an alternating field. 


INTRODUCTION 


In an earlier paper‘ the influence of temperatures between 
—190° C and +60° C on permanent magnets was described. 
The present paper deals with the effect of temperatures up 
to 550° C on permanent magnets of the types indicated in 
Table 1. For some of the alloys the influence of the ratio, 
length to cross-section has been studied. The results and 
conclusions may be compared with those given in a recent’ 
publication by Tenzer.2* 


field stabilization and prior heating to a higher temperature in 
limiting the irreversible losses has been studied. 


EXPERIMENTAL METHOD 


In the previous work“) a magnetometer method was used. 
Although capable of high accuracy under ideal conditions, 
the method presents difficulties when applied in a laboratory 
in which other magnetic experiments are proceeding. These 


Table 1. Composition, treatment and properties of magnets used Z 
Material Rs Sig MeN AY Heat treatment B; (G) eo) ye H (oersteds) 
Alcomax II Al 8-1, Ni 11:9, Co 21, | 12 700 4:7 23-0 565 
Cu 4:4 Cooled from 1250° C 
Alcomax III Al 7:8, Ni 13-2, Co 25, L at 1-2° C/s in a mag- 11900 5-14 18-1 662 
Cu 3, Nb 0°8 netic field. Tempered 
Alcomax IV AIST eA BINT 13 935 CO 48 h 590° C 48 h 560° C 11200 4-3 17-3 725 
pret iets 500 1-68 24 605 
: 3 Air-cooled from 7 : . 
Alnico Ale 9 = 7 CIN 35 CO 1250° G. tempered’ 2h 
13-6, 'Cu 5:9 600° C 
Air blast cooled from 6060 (ho 24| 10-0 520 
Alni Al 13-1, Ni 25-9, Cu 2 125026 Tempered \ 
: 1 h 700° C 


When a magnet is heated three types of change may be 
expected: 


(i) Metallurgical changes which remain even after re- 
magnetization. 

(ii) Irreversible magnetization changes which remain on 
cooling to room temperature but can be reversed by 
remagnetization. 

(iii) Reversible magnetization changes which disappear on 
cooling to room temperature without remagnetization. 


With these materials no metallurgical changes were expected 
or found with temperatures not exceeding 550° C, and the 
total loss of magnetization observed when a magnet is heated 
should be the sum of the irreversible and reversible losses (ii) 
and (iii). Demagnetization curves at elevated temperatures 
have been measured in the hope of interpreting the above 
irreversible and reversible losses. The efficiency of alternating 


* Confusion may arise because the meanings of residual 
magnetism and remanence approved by the British Standards 
Institution (B.S. 205/43 Nos. 1260 to 1262) are interchanged com- 
pared with those approved in the U.S.A. (A.S.T.M. Designation 
A 127-48). While Tenzer naturally uses the latter, in this paper we 
adhere to the British Standard, and in particular by remanence we 
always imply the induction at zero effective field. 
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difficulties were not too serious in the previous work in which” 
comparatively short time cycles predominated, but became 
more serious in the present work which involved time cycles 
of 24h and more. A simple ballistic method such as that 
used by Tenzer® is not usually more accurate than 0:5% 
and is scarcely adequate for measuring losses of this order 
of magnitude. 

A differential ballistic method offers the possibility of 
increasing the sensitivity by a factor of about ten. All that is 
required is to balance the flux linkage detected by pulling a 
coil off the test magnet by some other stable flux change. 
A convenient method of producing this reference flux 
change is by using a second permanent magnet of similar 
size, shape and material to the one under test. This second 
magnet is, of course, kept at room temperature and was 
always magnetized at least 24h before starting the experi- 
ment. 

The apparatus is sketched in Fig. 1. When the tube R, 
is moved from contact with stop S$, to S, a galvanometer 
defiexion of between 1 and 6 cm/% difference in the magne- 
tization of the two magnets can be observed. A change of 
0-1% in magnetization can easily be detected. 

The magnets used were bars with a 1 cm square section 
and various lengths. It is useful to know the ratio 
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-B/H = c, where B is the induction and H the demagnetizing 
eld at the centre of the bar. According to Evershed®): 


—B/H = K(L/A)\/S = (1) 


here L = length, A = area of cross-section, and S = half 
ie surface area of the bar. This empirical formula appears 
» be the best approximation available provided K is taken 


Fig. 1. Diagram of apparatus 


N 
My,, magnet under test; M>2, reference magnet; Rj, refractory 
tube to which both magnets are fixed; Ro, larger refractory 
tube carrying two search coils; C,, C2, two similar search coils 
connected to a ballistic galvanometer in series opposition; 
$1, S2, stops to limit movement of tube R2; F, furnace; T, 
platinum/platinum-rhodium thermocouple. 


3 1-47, which is rather higher than originally proposed by 
vershed. The lengths of bar used and calculated values of 
-B/H are shown in Table 2. 


Table 2. Calculated values of —(B/H) 


Length (cm) 67 4-6 26 
[BH 37-4 21-6 9-5 
| ‘ RESULTS 


Tables 3 and 4 show the total and irreversible losses of 
_agnetization for various temperatures. The procedure 
jopted in compiling this data was as follows: both test and 
ference magnets were magnetized in a solenoid giving a 
cld of more than 5000 oersteds, the test magnet being 
‘agnetized a few minutes before starting the experiment. 
he test magnet was heated to 200°C and held at this 
‘mperature for 6h. (It has been established that all the 
-easurable loss takes place in the first 15h.) The magnitude 
* the total loss at 200° C shown in Table 3 was then measured. 
he bar was allowed to cool to room temperature overnight 
ad the irreversible loss due to heating to 200° C shown in 
able 4 measured. This procedure was then repeated for 
ich higher temperature in turn, remagnetizing the test 
agnet each time. 

‘Instrument and other magnets which are required to be 
able are usually given some form of magnet ageing treat- 


able 3. Total loss in magnetization at various temperatures 


Total loss in magnetization (°%) 


‘Material atid 200°C 300°G=.400°:.G*,.450° C2500? Cs. 5502-€ 
licomax Ill. 37:4 4:0 6:5 9-0 10-9 12-6 14-4 
Acomax Il 21:6 3-8 6:3 9:3 10-8 12:3 14-2 
‘tcomax III OSes? pea 4 oe Oa 98 ea Otel oe 2 
Hcomax I 21°6 3-3. 6-1 9-1. «11-2 13-2 15-6 
Peemax tv. 2156. 3-5. 5-9 +879 10-4. 12-1 13-9 
{nico Bhd = 60. 9-28 1374.01578° 18:2 20-8 
nico PAGS 4170. 15-8" ABT 205 2452 
Inico 9-5 5-7 10-7 15-0 18-0 20-8 23-3 
Ani 37-87 4421: 19-1. 2254 27-2. 32-9 
Ani 21-6 10:0 16:2 22:8 27-2 32:0 36:8 
Ani 9:5 412) 17532 25:7 30°8. °37-0:, 42-0 
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Table 4. Irreversible loss of magnetization after heating 
Working Irreversible loss in magnetization (°%) 

Material —B/H 200°C 300°C 400°C 450°C 500°C 550°C 
Alcomax IIT 37:4 0:4 0:6 0-75 0:85 1:0 1: 
AlcomaxcTil= 2176: © 0°62")1-0..°4+5.> 14-75: 2°0* “295 
Alcomax III 9:5 0:75 1:1 (Slee le Otay 
Alcomax 92156. 5.0°720 te? % 1-7 22-0 eae -g 
Alcomaxcly :220°62 2097 0 Ab 5 1S 8 Def ae eeG 
Alnico SA 28 ASS) =o SD a= Ona nORAL 
Alnico DOs See AO. OF Dt) a 8 eS 
Alnico DD eee sD Set Gam Os Ose MO 4) eal OS 
Alni SecA ter A Oe) Ocal OrSin Allium ael 
Alni Fay BOCs a aca Sh, 3 heat Bi WOKS ES bates Bye vib gfe? 
Alni Det] Opal hed LOD en LO Ae 24s 76 


ment; a typical treatment is to reduce the magnetization by 
5% in an alternating field. Table 5 shows the total and 
irreversible losses for Alcomax III bars after this treatment. 
Comparison of these figures with those in Tables 3 and 4 
shows that this kind of ageing gives only a moderate improve- 
ment in temperature stability. 


Table 5. Losses after 5°% reduction in magnetization 
Working Total loss in magnetization (°%) 

—B/H 200° C 300° C 400° C 
37-4 2:0 3303) 5:6 
21-6 oUt 4°5 6:9 
G95) 39 Die?) fo) 

Irreversible loss in magnetization (9%) 

37:4 0:07 0-1 0-15 
21-6 0:2 (Os) 0:5 
95 0:3 0:5 0:9 


magnetization 


Reversible % change in 


O 1OO 100 4 
Temperature (°C) 


500 


Fig. 2. Change in reversible magnetization of Alcomax | 


IIT with temperature 
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ov 
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Temperature (°C) 
Fig. 3. Change in reversible magnetization of Alcomax 
IL and Alcomax IV with temperature 
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Stabilization by an excess temperature is much more 
advantageous. The whole series of tests was repeated, with 
the test bar heated to 550° C after magnetization to saturation 
before commencing the experiments. The irreversible losses 
corresponding to the figures in Table 4 were now less than 
0-1°% for all bars and temperatures up to 500°C. The loss 
on these bars stabilized at 550° C is thus the reversible loss 
and is shown in Figs. 2 to 5. These direct measurements of 


magnetization 


Reversible °% change in 


O lOO SOO 


300 
Temperature (°C) 


Fig. 4. Change in reversible magnetization of Alnico 
with temperature 


wal 


Reversible % change in 
magnetization 
O 


a 


300 
Temperature (°c) 


O |OO 


Change in reversible magnetization of Alni with 
temperature 


Fig. 5. 


the reversible loss are more reliable than indirect estimates 
from the difference between the total loss and irreversible 
loss shown in Tables 3 and 4. The mean temperature 
coefficients of loss between room temperature and 200° C, 
over which range the curves are fairly linear, are given in 
Table 6. 


Table 6. Mean temperature coefficients of loss between room 
temperature and 200° C 


Temperature coefficient o 


Material me Bie Minne ie 
Alcomax III 37-4 0-022 
Alcomax III 21-6 0-013 
Alcomax HI OFS) 0-013 
Alcomax II 21-6 0-018 
Alcomax IY 21-6 0-019 
Alnico 37-4 0-019 
Alnico 21-6 0-014 
Alnico 9:5 0-016 
Alni 37-4 0-024 
Alni 21:6 0-022 
Alni 9:5 0-014 
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With a view to explaining the differences in their losses at 
high temperatures, the demagnetization curves of Alcomax 
IL, Alnico and Alni were measured at room temperature and 
500° C. The measurements at room temperature were made 
by the open circuit method using a magnetic potentiometer 
described by Margerison and Sucksmith.@ The magnetic 
potentiometer could not be used at 500° C, so at this tempera- 
ture it was necessary to calculate the field. 

If a magnet on open circuit is subjected to an applied field 
H, resulting in an induction at its central section B, then the 
effective field at the central section is usually obtained from: 


Aiea th ity 
where the self-demagnetizing field H, is given by: 
Hy = D(B — H) (2) 


The demagnetizing factor D is calculable for ellipsoids and 
can be estimated approximately for other shapes from 
equation (1). For these measurements, values of D for 


(B-H) x |O? (gauss) 


Fig. 6. Variation of demagnetizing factor for Alcomax 

lil bar, 6:7 x 1 x 1 cm. Note that, for this dimension 

ratio, D is 0:0275 calculated by equation (1) and 0-044 
for an ellipsoid 


S lO 
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Fig. 7. Demagnetization curves of Alcomax III at room 
temperature and 500° C 
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arious values of B were obtained experimentally by room 
emperature tests with a magnetic potentiometer. Sur- 


risingly, it was found that the demagnetizing factor, although 
easonably constant over the lower part of the demagnetiza- 
ion curve, decreased appreciably for magnetization approach- 
ng remanence; Fig. 6 is typical. 


H (oersted) 


Fig. 8.  Demagnetization curves of Alnico at room 
temperature and 500° C 


room Ges 


es ee 


300 
H (oersted) 


Fig. 9. Demagnetization curves of Alni at room 
temperature and 500° C 


The variable values of D found experimentally were used 
n the determination of the demagnetization curves at 500° C 
siven in Figs. 7, 8 and 9. Minor assumptions are involved 
‘yut these affect only the portion of the curve near remanence. 
[he working ratios —B/H given in Figs. 7, 8 and 9 are as 
calculated from equation (1) for the three sizes of bar used. 


DISCUSSION 


When a magnet is heated the intrinsic magnetization in 
every domain is reduced in the same ratio. If no domain 
walls move and no domain directions change, the macro- 
scopic magnetization will be reduced in the same ratio, but 
will be completely restored when the magnet is cooled. The 
actual change in macroscopic magnetization is influenced by 
many other factors: (1) the self-demagnetizing field is less at 
high temperatures because the magnetization is less; 
(2) crystal and strain anisotropy are sensitive to temperature 
and may cause reversible or irreversible rotation of domain 
direction; (3) it is obvious that if the coercivity is much less 
at high temperatures, there will be an irreversible loss of 
magnetization; (4) a magnet can also be demagnetized by 
thermal activation. This process is commonly called magnetic 
viscosity and may be expected to occur ten times more quickly 
at 250° C than at room temperature.© 

When a magnet is working at the remanence point, 
processes | and 3 do not themselves affect the magnetization, 
although the changes in coercivity considered in process 3 
may be partly due to the changes in anisotropy considered in 


process 2. Thus the percentage change of remanence with 


temperature should be the same as the percentage change in 
saturation magnetization except for processes 2 and 4. 
Considering for the moment the first three columns only of 
Table 7, it is surprising to find that the percentage remanence 
loss is so much less than the saturation loss as measured by 
the Sucksmith balance method, particularly for Alcomax III. 
Viscosity effects would cause a discrepancy in the opposite 
direction and are unlikely to be large near the remanence 
point. Process 2, domain rotation due to changes in the 
anisotropy, is the only one left to account for the difference. 
At the remanence point the domain directions are held in 
equilibrium between interaction forces which tend to make 
them all parallel and anisotropy forces which tend to pull the 
domains into the preferred directions. If an increase in 
temperature reduces the anisotropy forces, the interaction 
forces will become more effective and make the domains 
more parallel and B, higher than would otherwise be expected. 
This process must still influence magnets on open circuit, but 
will probably decrease the further the working point from 
remanence. 

Neglecting process 2 for the moment, consider the effect of 
heating a bar magnet with some particular working point P, 
Fig. 10, to a temperature 7. If the domains do not change 
their size or orientation, the magnetization of the bar will 
fall by the same fraction as the saturation magnetization. 
Suppose that as a result of this process the induction in the 
bar falls to Q. As a result, however, the demagnetizing field 


Table 7. Measured and estimated losses at 500° C 


1 2 3 
Material Saturation Remanence ur 
(% loss) (% loss) 
Alcomax III GFW 12-2 


Alcomax III 
Alcomax III 
Alnico 
Alnico 

| Alnico 

| Alni 

Alni 

Alni 
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5 6 7 8 
— B/H Estimated loss (%) Measured 
(@~ (6 loss (%) 
37:4 16:0 lea 12:6 
21-6 14:5 10-9 12-3 
9:5 14-0 14 11-5 
37:4 TS 19-2 18-2 
21-6 16°8 20°5 DUS 
9:5 14-5 247, 23-7 
37:4 24:3 28-0 QTD: 
21-6 25°6 29°5 32:0 
9°5 £726) 32-4 37-0 
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decreases and the domain configuration will change. It is 
tempting to see whether this change can be calculated by 
treating it as similar to the recoil process. This is done by 
drawing from Q a line QR intersecting the working line OP 
at R; the slope of QR should be equal to the recoil per- 
meability jz, The demagnetization curve also changes with 
temperature for other reasons besides the change in saturation 
magnetization. If, however, the new curve lies above R as 
curve (a) in Fig. 10, there seems no reason why R should 


B 


H O 


Illustration of processes leading to loss of 
magnetization with temperature 


Fig. 10. 


not be the new working point. If, however, there is a large 
contraction of the demagnetization curve as with curve (5) 
R lies outside this curve. In this case R cannot be the working 
point which must instead be S the intersection of OP and 
curve (b). In Table 7, column 6 percentage losses at 500° C 
are calculated for various magnets by method (a), 1.e. from 
the position of the point R. The recoil permeabilities used 
are shown in column 4: they are room temperature values, 
although it would probably be better to use values at 500° C 
if they were known. Column 7 shows the losses calculated 
by method (4), i.e. from the position of point S. It will be 
clear from the above argument that whichever method 
predicts the greater loss is expected to apply, i.e. method (a) 
for Alcomax and method (4) for Alnico and Alni. Allowing 
for the disturbing effects of processes 2 and 4, the measured 
total losses shown in column 8 are reasonable. 

Reversible change in magnetization depends on dimension 
ratio, as can be seen in Table 6. Tenzer has attempted to 
explain this phenomenon by assuming the alloy to contain 
two magnetic phases. One of these he supposes has a low 
coercivity and a low Curie point. A magnet with a long 
dimension ratio is supposed to have a high temperature 
coefficient because of this phase. A magnet with a shorter 
dimension ratio is supposed to have this softer phase already 
demagnetized or reversed so that its temperature coefficient 
is less. 

The authors (Clegg and McCaig) have found that 
although magnetic phases with low Curie points can be 
produced in Alcomax III, there are no subsidiary Curie 
points above room temperature in the properly heat-treated 
alloy. The great squareness that can be obtained in Columax 
(Alcomax III with directed crystals) is also evidence against 
Tenzer’s explanation. The processes | and 2 discussed in 
connexion with the total loss also influence the reversible 
change and can account for either an increase or decrease of 
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the reversible change with dimension ratio. It is not easy to 
see how the effect of process 2 can be calculated but an 
attempt to estimate the contribution of process | can be 
made by referring again to Fig. 10. Suppose that the increase 
in temperature is small and represented by AT, AB’ is the 
decrease in flux density due to the change in saturation 
intensity and AB is the actual decrease in flux density while 
AH is the decrease in demagnetizing field due to AB’. 


AB = AB’ — pp, AH 


LN Me Baply 
AH = AB’/(, ae B,|/ Hy) 
AB= ABI ae byl (er i B,/H,,)] (3) 


In the above equation H,, is, of course, negative. In Table 8 
this formula has been used to calculate the temperature 
coefficients of magnetization of magnets of various materials 
and ratios of B,,/H,,. AB’/AT is the decrease in saturation 
intensity per °C, and the recoil permeabilities are the same 
as those given in. Table 7. The calculated temperature 
coefficients are all greater than the measured. 


Table 8. Calculated and measured temperature coefficients 
AB’/AT Temperature coefficient of magnetization in %/° C 
Material CAIPGy —B,/Hw Calculated Measured 
Alcomax III 0-033 37-4 0-030 0-022 
Alcomax III 21-6 0-028 0-013 
Alcomax III BES) 0-024 0-013 
Alnico 0:036 37:4 0-031 0-019 
Alnico 21-6 0-028 0-015 
Alnico 925 0-022 0-016 
Alni 02052223704 0:046 0-024 
Alni 21:6 0-042 0-022 
Alni Das) 0-034 0-014 


This discrepancy is at least in part accounted for by process 2. 
The calculation does, however, demonstrate one way in 
which a decrease in temperature coefficient with dimension 
ratio can be explained. 


CONCLUSIONS 


(1) When a magnet of the iron-nickel-aluminium system 
is heated up to temperatures not exceeding 550° C no per- 
manent metallurgical changes are observed but losses in 
magnetization occur. These losses are partly irreversible in 
the sense that they can be restored only by remagnetization 
and partly reversible meaning that they are restored by 
cooling. ; 

(2) Pre-ageing by an alternating field does not eliminate 
the irreversible losses. 

(3) On heating to any temperature up to 550° C, a magnet 
quickly reaches stability at that temperature, and suffers no 
further irreversible changes between room temperature and 
that temperature. 

(4) The irreversible changes arise largely from changes in 
the demagnetization curve, and vary with dimension ratios 
and material, being appreciably less for the anisotropic 
alloys. 

(5) The reversible losses are approximately linear up to 
200° C with increasing curvature at higher temperatures. 

(6) Temperature coefficients for all materials tested are of 
similar order, but tend to be less for magnets with short 
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dimension ratios; possible reasons for this variation are 
Suggested. 

(7) In the course of the work it was noticed that the self- 
demagnetizing factor of a rectangular bar magnet is not 
constant, but changes with the induction at the central section. 
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A note on the adhesion of elastic solids 


By K. L. JoHNson, M.A., Ph.D., Engineering Laboratory, University of Cambridge 


[Paper received 5 November, 1957] 


A theoretical analysis is made of the stresses acting at the contact surface of two elastic spheres 
‘which are assumed to adhere to each other after the force pressing them together has been 
removed. The stress at the periphery of the contact area is shown to be tensile and infinite, so 


that adhesion is physically impossible; the spheres would peel apart. 


The theoretical results are 


consistent with the experimental work of Bowden and Tabor. 


The essential feature of the commonly accepted theory of 
friction between unlubricated metals advanced by Bowden 
and Tabor is the formation of metal junctions between 
high spots on the two contacting surfaces. Particularly if 
the surfaces are clean, it is maintained that in the localized 
areas where actual metal-to-metal contact occurs, the tips of 
the asperities are crushed plastically under the action of the 
normal pressure between them and in so doing they adhere 
or weld together. It is the resistance to shearing of these 
junctions which then provides the major contribution to the 
frictional resistance when the surfaces slide one upon the 
other. = 

If the surfaces do in fact adhere in this way one would 
expect that they would remain welded together after the 
normal force pressing them together has been removed, and 
that an additional tractive force would be required to separate 
them. Bowden and Tabor?) have made sensitive experi- 
ments attempting to measure such a “force of adhesion.” 
Even with carefully cleaned surfaces (in the absence of moisture 
films) no evidence could be found of an adhesive force after 
the initial pressure had been removed, except for the very 
soft metals, tin, lead and indium. The absence of any 
measurable adhesion with harder metals is explained mainly 
by suggesting that the junctions are broken by the release of 
élastic stresses in the body of the material when the load is 
removed. This note supports this explanation of the break- 
down in adhesion of solids having a reasonably high elastic 
limit by a quantitative elastic analysis which demonstrates the 
mechanism of breakdown as the load is removed. 

In common with Bowden and Tabor’s experiments the 
analysis will be concerned with two spheres in contact. The 
material and radii of the spheres need not be the same and, 
in the limit, one sphere may become a plane. 
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When two spheres of radii R,; and R, are pressed together 
with a normal force P they make contact over a circular area 
of radius a given by: 


te RR, 


Sieeets (ke, = i 
ae SO preg, 


P (1) 


where k, and k, define the elastic constants of the material 
of each sphere [A = (1 — v?)/7E]. This result is due to the 
familiar Hertz theory of contact) which gives a distribution 
of pressure over the contact area: 


3P r2 
paso (1-5) Q) 


Due to local compression near to the contact area distant 
points in the two spheres approach each other by a distance 
a given by: 


Rit Ro. py 


O72 
epee 2°, 
get RR> 


(3) 

Suppose that the spheres now adhere over the area defined 
by equation (1) whilst the load P is reduced. The new force 
between the spheres may be considered to be made up of the 
original load P with a further force P’ subtracted from it. 
Under the action of P’ the distant points in the two spheres 
will separate by an amount «’. This displacement will be 
divided between the two bodies «; and «, in the proportion 
of their values of k7/3. Since the surfaces are presupposed 
to remain in contact over a circle of fixed radius a during 
this displacement, it follows that «; and «, must be constant 
for all points in the contact area. The distribution of normal 
surface traction which produces a constant displacement 
over a circular region of an elastic body corresponds to the 


BRITISH JOURNAL OF APPLIED PHYSICS 


1. 
J * 
se | 


K, L. Johnson 


pressure over the face of a rigid circular die pressed on to 
an elastic plane. This problem has been solved by 
Boussinesq*#) where the relevant pressure is shown to be: 
‘Rs 1 
= fate (4 
P Ina V1 — (/a)] ) 


giving a displacement: 


a; = 1k,P’/2a : (5) 


For our problem of adhering spheres, since with a fixed 
value of a the geometry remains unchanged, it is permissible 
to superpose the results of equations (2) and (4), also (3) 


eames 
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Pressure distribution over the circle of contact of two 
elastic spheres which are assumed to adhere together 
[Equations (2), (4) and (6)] 


and (5) to find the net traction over the contact surface and 
the resultant relative displacement when the contact force 
has a value (P — P’). When the load is completely removed 
P2— P, whence: 

P2823 (72 /G*) 


~ Ina s/[1 — (7/a?)] 


"4 


DP. 


(6) 
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The tractions of equations (2), (4) and (6) are shown in 
the figure. It will be seen that the resultant traction which 
complete adhesion demands is tensile and of infinite magnitude 
at the periphery of the contact circle. Obviously the adhesive 
strength of metal junctions, however strong, cannot provide 
this traction, so that the surfaces peel apart from their periphery 
inwards. In view of the singularity exhibited by p’ at r =a, 
an infinite tension is introduced by the addition of a p’ com- 
ponent however small. We may conclude, therefore, that 
elastic spheres pressed together by a resultant force P cannot 
physically maintain contact over an area of greater radius 
than that given by the Hertz theory in equation (1). , 

The above analysis refers to contacting spheres. The 
more general case of contacting solids gives rise to an elliptical 
contact area. The situation in this case is the same; the 
traction p’ associated with a constant displacement of the 
contact area rises to infinity at its periphery. For nominally 
flat surfaces in contact the analysis applies to the individual 
high spots in the surface. Such high spots may be deformed 
plastically near to their tips when the load is first applied, 
but when the load is removed the recovery is entirely elastic 
(see Ref. (1), p. 24) so that the theoretical elastic pressure 
distribution p’ would still apply. 

Some light is also thrown upon the function demanded of 
an adhesive layer applied between the contact surfaces of the 
solids to glue them together. The layer itself must be capable 
of some elastic or plastic distortion without disruption to 
allow sufficient peeling apart of the solids near to the edges 
of the contact area to relieve tension in the adhesive which 
would otherwise be excessively high. Soft metals such as 
lead and indium which exhibit considerable adhesion probably 
work in this way. The elastic strains in such materials are 
at all events small, whilst the asperities themselves constitute 
a plastic ‘“‘layer’’ between the main body of each solid which 
is capable of considerable plastic deformation before rupture. 
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Correspondence 


A method for distinguishing between sources of noise in 
motor-cars 


The noise inside a car comes from three main sources: the 
2ngine, road excitation, and air buffeting. 

At low and moderate speeds in the absence of high winds 
che noise due to air buffeting is small and may be neglected. 
And when running on a sufficiently smooth surface, noise 
‘esulting from/road excitation can also be neglected. 

Although the inside of a car is a closed space, and all noise 
therefore results from the vibration of the enclosing barriers 
t is possible and necessary to distinguish between: 


_ (a) noise which is airborne from engine to the surfaces of 
the passenger compartment, or transmitted by air 
paths through holes in the surfaces. 

noise which results from the transmission of vibration 
in the structure of the vehicle, which then sets the 
surfaces of the passenger compartment into vibration, 
or from the transmission of vibration into the passenger 
compartment by driving controls, etc., which then 
radiate noise. 


(bd) 


In considering means of reducing noise it is important to 
<now which of these transmission paths causes the pre- 
dominant noise, since the cures are generally. different. 
More massive barriers and blocking holes are effective for 
‘a) whereas vibration isolation by interposing rubber is 
appropriate to (bd). 

_ A means of investigation is to compare the noise inside 
che car: 


(a) with the normal installation, 
stationary; 

(b) engine with all vibration paths disconnected and 
supported in the same position from a massive floor. 


engine running, car 


{n the first case both airborne and structure-borne noises are 
sresent, while in the second case only the airborne noise is 
ransmitted. The effect of structure-borne noise, if important, 
san then be assessed readily. 

Such a test involves lengthy constructional work and a 
simple method was devised which has given satisfactory 
‘esults in a number of applications. The method consists 
of measuring the attenuation of noise from engine com- 
dartment to passenger compartment. Microphone positions 
are fixed and noise measurements made as octave analyses. 
Iwo sets of measurements are made: 


(a) “apparent attenuation” is measured with car stationary 
(or running on a very smooth surface). 

(b) “acoustic attenuation” is measured by reproducing by 
means of a loudspeaker in the engine compartment the 
noise previously recorded during (a). 


Provided the distribution of the loudspeaker noise in the 
sngine compartment simulates sufficiently that of the air- 
borne noise from the engine, (b) corresponds to the case in 
which vibration paths are disconnected and only airborne 
transmission is operative. 

As an example, the lower (dotted) curve in the figure, 
drawn through the means of the points for 20, 40 and 60 m.p.h., 
is the “apparent attenuation.’ The solid curve is drawn for 
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the means of the corresponding value of ‘‘acoustic attenuation” 
(points not shown) obtained by the loudspeaker method. 
The solid points are the corresponding values of ‘“‘acoustic 
attenuation” measured with engine vibration paths dis- 
connected. The agreement with the solid curve is satisfactory, 
which confirms the validity of the method. 
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Attenuation, engine compartment to passenger com- 

partment in a motor-car. Comparison of ‘‘acoustic 

attenuation” by loudspeaker method and with engine 
disconnected (A), and “apparent attenuation” (B) 


3 5 ee F Driving car on a 


< 60 m.p.h. J smooth surface. 


© Engine running 20 m.p.h. } Stationary car, all vibration 
® at speeds 40 m.p.h. paths between engine and 
® corresponding to 60m.p.h. car body disconnected. 


It is of interest to note that in this case, since the “‘acoustic 
attenuation” is markedly greater than the “apparent 
attenuation’? at frequencies up to about 2000 c/s, vibration 
paths through the structure are the main source of noise. 


C.A.Y. Ltd., A. E. W. AUSTEN 
Acton, T. PRIEDE 
London. [18 January, 1958] 


A rapid method for separating the principal stresses in plane 
photoelasticity 


The main difficulty in plane photoelastic analysis lies in the 
fact that although photoelastic stress patterns giving fringes 
of constant principal stress difference are rapidly obtained, 
the methods available for obtaining the sum of the principal 
stresses are either slow and tedious or require another com- 
paratively complicated experimental arrangement. 

A very good method, originally due to Coker,“ is to 
measure the change in thickness of the stressed plates, 
this being proportional to the sum of the principal stresses 
at the point. A development of this method, mentioned by 
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Frocht® and recently used by Sanks,® is to load the model 
at a high temperature where its Young’s modulus is low 
enough to produce easily measurable deformations. The 
stresses and strains are then “‘frozen’’-in as the model is 
allowed to cool slowly to room temperature. 

The purpose of this note is to draw attention to the pro- 
perties of Araldite casting resin D@>>) which, when used with 
the experimental procedure described below, enables this 
frozen lateral strain method to be used to calculate the 
principal stresses quickly and with an accuracy comparable 
to that of graphical integration of the Lamé—-Maxwell 
equations. 

The relations used are, that at any given point, the fringe 
order 


n=(P — Q)i/C (1) 
and the thickness change 
dt =(P — Q)N/E (2) 


where P and Q are the principal stresses, ¢ the thickness of 
the model, and E, v and C the Young’s modulus, Poisson’s 
ratio and fringe constant respectively of the model material. 

If P and Q are to be expressed in fringes, the thickness 
change corresponding to a stress sum of one fringe is required. 
This is given by 

K = vC/E in. per fringe (3) 
The value of K was, in fact, obtained experimentally for 
Araldite D at 90° C from a large number of measurements 
at the free edges of frozen stressed models, where the fringe 
meeting the edge is uniquely related to the thickness change. 
A value of 3:1 x 10-4 in. per fringe was obtained but it is 
worthwhile checking this calibration factor for each sheet of 
Araldite cast. The dial gauge comparator, described below, 
was able to measure changes accurately to 10-4 in. so that 
readings for (P + Q) accurate to + fringe could be obtained. 
Further, the fringe order at any point could be estimated by 
eye also to 4 fringe. This means that P and O could be 
found separately to 4,/[(4)? + G)*] fringe, ie. to about 
0-25 fringe. Since the load is usually adjusted to give a 
maximum fringe order in the range 10-20 fringes, P and Q 
can therefore be found to an accuracy of better than 2:5% 
of the maximum stress difference. 

At 90° C stresses giving up to 25 fringes produce negligible 
permanent yielding in Araldite D, the frozen stress model 
always returning to its original dimensions after annealing. 
The low value of Young’s modulus used during stressing 
means that the deformations in the plane of the model are 
larger than usual; however, the error from this cause appears 
to be much less than the error in measurement. 

The comparator used is shown in the figure. Two com- 
mercially available dial gauges which read to 10-4 in. were 
used. At the tip of each gauge was a steel ball 10~! in. in 
diameter. The gauges were rigidly mounted above and 
below a it in. thick flat steel plate so that their axes of 
travel were in line and at right angles to the steel plate. The 
end of the lower gauge protruded a short distance through a 
hole in the steel plate. The double dial gauge arrangement 
enabled the essential requirements, that the photoelastic 
model be held flat and at right angles to the gauge movements 
whilst measurements were being made, to be fulfilled simply, 
and for this reason was preferred to a more complicated 
arrangement using only a single gauge, although it was at 
the expense of having a double instrument error and required 
two readings to be taken. The thickness of the specimen at 
room temperature at various points is measured before and 
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surface of the model can be marked, to locate the points 


where measurements are to be made, with light scratches — 
from a sharp needle without serious loss of accuracy. The | 


reason for this is that the error / in reading is given by 


h = d?/8R (4) 
where R is the radius of the dial gauge tip and d is the scratch 
width. Since R = 10~! in. and d, measured with a travelling 
microscope, was never greater than 2 x 10-3 in., A was 
always less than 5 x 10-°in., this error being too small to 
affect the measurements. ! 


Dial gauge comparator 


In order to demonstrate the range of accuracy and the 
usefulness of the method, the classical problem of the circular 
disk under diametrical compression was chosen, the reasons 
being that the theoretical solution is well known, and 
Jessop and Harris have given a solution using the method 
of graphical integration. Both of these solutions are used 
for comparison. 

A disk 2 in. in diameter and + in. thick was stressed between 
parallel plates in a loading frame and the whole was heated 
in an oven to 90°C. The load on the hot specimen was 
adjusted, whilst being observed in a conventional polariscope, 
to give a suitable number of fringes. The frame and specimen 
were then returned to the oven and allowed to cool slowly. 
A cooling rate of 10°C per hour was found adequate to 
prevent thermal stresses developing and the specimen was 
removed from the straining frame and the oven when its 
temperature had reached 30° C. 

Measurements along the horizontal and vertical diameters 
were made. Since the theoretical solution is for point 
loading at the ends of the vertical diameter, agreement near 
the points of application of the load is not to be expected. 
Point by point comparison between the results from this 
method, the theoretical solution and Jessop and Harris’s 
results are given in the table. All values were normalized to 


give an average vertical stress along the horizontal diameter 
of 100. 
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Comparison of results for disk in diametrical compression 


P Frozen Graphical Frozen Graphical 
Distance Theoretical stress integration Theoretical stress integration 
base S iP P 12 —Q 0) —QO 
) Horizontal diameter edge —> centre 0 0 0 0 0 0 0 
=10 units 1 0:7 15 1 IS se-5) ib! 17 
b 2 3-0 DS 3:8 30:3 32:5 34-7 
i 3 TD, 8:5 bey) 49-4 51 52 
4 Le keg) 13 14-9 TAGS 75 7223 
} 5 Mpc) 26 2271 96-1 98 O72 
6 32:4 30 29-6 122 PBS) 121 

7. 43-0 48 - 36°8 148 145 146-5 

{ 8 52:6 59 43-6 167 167-5 169-5 
| \ 9 SSI 64 49-1 180 184 185 
\ 10 62 66 Bes: 186 191 191 
i Vertical diameter centre —> edge 0 62 66 5125 186 191 191 
} =10 units 1 62 63 539 187 191 194 
! 2 62 68 52-6 195 193 198-5 
} 3 62 62 5525 210 211 208 
| 4 62 60 62:0 231 230 225 
5 62 60 64-0 267 258 253 
i 6 62 66 63-9 324 299 298 
f al 62 62 421 363 


/ It may be concluded from these results that the frozen 
ateral strain method of separating the principal stresses 
produces results that are comparable in accuracy with the 
ethod of graphical integration. It does not require a 
owledge of the stress trajectories or the isoclinic lines 
xcept if the directions of the principal stresses are required), 
nd the errors are not cumulative. The use of the simple 
omparator described enables the thickness measurements to 
e made extremely quickly. The use of Araldite D as the 
hotoelastic material offers the advantage of having a suitably 
ow Young’s modulus at only 90° C so that a short cooling 
ime can be used without introducing thermal stresses. 
araldite D also shows little “‘time edge” effect so that the 
odels can be stored for a short while. Owing to the com- 
varatively large thickness changes involved, temperature 
ontrol of the model during measurements need not be 
tringent. The method is therefore useful in finding quick, 
easonably accurate solutions to a wide range of problems. 
t should be noted that Araldite D is supplied in the form 
if a very viscous liquid, and so when being cast into sheets 
sccluded air bubbles do not have time to rise to the surface 
vefore the substance hardens. The procedure used to obtain 
subble-free Araldite sheet was to heat the original oil to 
‘570° C before adding the hardener. At this temperature 
he Araldite becomes very much less viscous and air bubbles 
ise to the surface immediately. The hardener takes about 
hirty seconds to dissolve and the mixture must be poured 
ato the mould within a minute or two of preparation, that 
3 before the hardening reaction begins to take effect. The 
aould, which in this case consisted of two ground-flat steel 
‘lates held 4 in. apart by steel spacers, was previously heated 
o about 60°C so that temperature gradients were not set 
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up in the Araldite, causing thermal stresses. The use of a 
silicone release agent effectively prevented the Araldite 
sticking to the mould. 

This note forms part of the programme of research of the 
Mining Research Establishment and is published by per- 
mission of Dr. W. Idris Jones, Director-General of Research 
in the Scientific Department of the National Coal Board. 
The views expressed are those of the author and not necess- 
arily those of the Board. 


J. BRopDIE 
[8 November, 1957] 


National Coal Board, 

Mining Research Establishment, 
Isleworth, 

Middlesex. 
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Elections to The Institute of Physics 

The following elections have been made by the Board of 
The Institute of Physics: 

Fellows: F. Ashworth, G. R. A. Ellis, H. W. Emerton, 
A. G. Fenton, R. O. Gibson, D. M. Lucas, J. K. Mackenzie, 
W. P. Osmond, F. H. Sagar, D. W. Saunders, H. H. Schole- 
field, R. Smith, B. E. Stern, J. C. C. Stewart, N. G. Trott, 
W. H. Ward, G. C. Williams, E. P. Wohlfarth, M. M. 
Woolfson. c 

Associates: L. Alpin, M. H. Alston, A. J. Apostolakis, 
A. C. L. Barnard, C. Bristow, D. E. Bromley, K. Burrows, 
G. E. Cain, R. V. Coates, A. R. Collett, M. G. Davies, 
W. G. Davies, N. E. Dixon, J. R. Drabble, R. R. Gardner, 
A. Garnham, E. V. Gilby, H. W. Gosling, G. Haigh, J. K. 
Hargreaves, E. A. Iredale, G. W. Keeling, E. Kendrick, 
G. B. Marson, J. V. Major, W. W. Mapleson, W. G. Mayo, 
E. A. Mussett, T. P. Newcomb, A. C. Newns, E. Nicholas, 

-E. Norcross, F. E. L. Parsons, A. R. Payne, E. R. Pike, 
W. E. Ribchester, E. Rowlands, K. Scott, J. S. Sivyer, 
L. R. Thompson, R. Ueda, G. W. Verow, E. T. Wait, R. W. 
Waldron, R. H. Whiddington, W. F. Williams, K. 
Worthington. 

Fifty Graduates, ninety-four Students and four Sub- 
scribers were also elected. 


User-specification for high-temperature X-ray diffraction 
powder cameras 


The X-ray Analysis Group of The Institute of Physics 
announces that a panel of its Equipment Sub-Committee 
has completed the preparation of a user-specification dealing 
with the design of X-ray diffraction cameras for the examina- 
tion of polycrystalline specimens at high temperatures. 
Copies of this specification may be had by any interested 
persons on application to Dr. E. G. Steward, Honorary 
Secretary, Equipment Sub-Committee of the X-ray Analysis 
Group, Research Laboratories, The General Electric Co. 
Ltd., Wembley, Middlesex. 


Symposium on instrumentation and computation in process 
development and plant design 


The Institution of Chemical Engineers, the Society of 
Instrument Technology and The British Computer Society 
are to hold a joint symposium on instrumentation and com- 
putation in process development. The meeting will be held 
in the Central Hall, Westminster, London, on the 11, 12 and 
13 May, 1959, with subjects and sessions as follows: 


11 May (morning session): Improving the efficiency of 
existing processes. (Afternoon session): The design of 
new processes; 

12 May (morning session): The application of on-line 
computers. (Afternoon session): Recent develop- 
ments in instruments, on-line computers and com- 
puters for design; 
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13. May (morning session): (a) The use of computer 


techniques in large and small companies. 
future (one paper only). 


The meeting is being organized under the aegis of The 
British Conference on Automation and Computation. Any 
person wishing to present a paper at the symposium should 
send a summary not later than 1 June, 1958, to The General 
Secretary, The Institution of Chemical Engineers, 16 Belgrave 
Square, London, S.W.1. 


Electronics exhibition and convention 


The thirteenth annual electronics exhibition and conyen- 
tion, organized by the northern division of The Institution of 


Electronics, will be held during the periods 10-12 July and - 


14-16 July, 1958, at the Manchester College of Science and 
Technology. The exhibition will consist of a manufacturers’ 
section and a scientific and industrial research section, 
including exhibits of interest to all branches of science and 
industry. The convention will include a series of lectures and 
film shows on electronic topics. Admission will be free of 
charge. 

Further particulars may be obtained from the Honorary 
Exhibition Organizer, Mr. W. Birtwistle, 78 Shaw Road, 
Rochdale, Lancashire. 
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SPECIAL ARTICLE 


Photoconductivity* 


By D. A. Wricut, D.Sc., F.Inst.P., Research Laboratories, The General Electric Company Limited, 
Wembley, Middlesex 


The basic factors influencing photoconductivity are first discussed, and the general pattern of 
behaviour to be expected is indicated. The preparation and properties of cadmium sulphide are 


then dealt with in some detail. 


Other photoconducting compounds are described more briefly, 


and it is shown that their properties also fit into the general pattern. Following a discussion of 


1. INTRODUCTION 


>t us consider a solid insulator or semi-conductor in thermal 
tuilibrium in the dark. There will be a certain density of 
2e charge carriers, n-electrons and p-holes, these quantities 
spending on the temperature. We then suppose that 
1otons are injected; effects similar in many respects are 
“oduced if electrons or other charged particles are injected; 
ywever, we will consider photons in particular. Provided 
eir energy is sufficient, they cause the formation of additional 
2e charge carriers. In the language of energy bands and 
vels, we consider the conduction and valence bands (Fig. 1), 
id the extra levels between them due to defects of various 
pes. As a result of the energy received from the photons, 
tra electrons may be raised to the conduction band either 
om the valence band as in (a) or from one of the inter- 
ediate levels as in (6). In the former case for every electron 
free hole is formed also. Similarly electrons may be raised 
‘om the valence band to an empty intermediate level, as 
| (c), also producing a free hole. As long as the extra charge 
‘triers, electrons or holes, or both, remain free, the electrical 
inductivity is raised by their presence. This is the cause 
' photoconductivity. 

‘Following the excitation process, recombination takes 
‘ace, by transitions in the reverse directions to (a), (d) or (©), 
‘g. 1, and if the photon input is maintained, a steady state 


conduction band 


valence band 


Fig. 1. Excitation of electrons 

set up, with an ered conductivity representing a balance 
‘tween excitation and recombination. When the photon 
out ceases, the extra carrier density decays as a result of the 
sombination processes, and the thermal equilibrium con- 
ion is restored. 

‘The recombination processes may be of several types. 
aus there can be direct recombination of holes and electrons, 
a between the conduction band and the valence band, or 


* This article is based on a‘talk given to the Electronics Group 
‘The Institute of Physics in October 1956. 
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the nature of the impurities and defects in the crystal lattice which influence the sensitivity, the 
applications of photoconductors are outlined briefly. 


as a result of electrons or holes returning to the centres from 
which they were ejected. The direct recombination between 
conduction band and valence band, if it occurs, will produce 
radiation of frequency corresponding to the absorption edge, 
referred to therefore frequently as “‘edge-emission.”’ The 
transition probabilities for this process have been calculated 
for several types of crystal, and lead to “‘lifetimes’’ of the 
following order: 


Silicon 325.8. 
Germanium 0:3s 
Lead selenide 3 ps 
Indium antimonide 0-5 ps 


Here “‘lifetime’ is the time 7 defined by the relation 
Tg = dn = Op, where g is the rate of generation of carriers in 
excess of the thermal rate. 6n is the density of excess electrons, 
dp that of excess holes, maintained by the radiation in the 
steady state. 

The long lifetimes quoted for germanium and silicon corre- 
spond to very low transition probabilities, and one therefore 
expects a large photoconductivity, and only a very low 
intensity of edge-emission. Nevertheless radiation with the 
corresponding frequency has been observed by Haynes for 
germanium and even for silicon, and later by Newman and 
Aigrain.@) When lifetime is studied directly, however, the 
measured values are much less for silicon and germanium than 
the values of 3:5 and 0-3s quoted. This means that other 
recombination processes with higher probability are occurring 
in all the crystals of these materials prepared so far. The 
observed photoconductivity is correspondingly smaller than 
the theoretical value. 


2. RECOMBINATION CENTRES 


There is a second type of recombination process due to the 
presence in the crystals of specific “recombination centres.” 
These are centres with energy levels in the forbidden gap. 
The capture processes occur successively, so that if radiation 
is emitted it is of lower energy than for edge-emission, since 
it corresponds to one or the other transition to the inter- 
mediate level. Transitions to such recombination centres do 
not necessarily, however, lead to the emission of photons. 
The energy may be dissipated thermally by the production 
of phonons, or a secondary (Auger) process may excite 
another free charge carrier. Recombination centres may 
consist in germanium for example of copper, nickel, iron 
or cobalt impurity atoms, or of dislocations, or of defects 
produced either by quenching, or by bombardment with 
neutrons or charged particles. Levels in the forbidden gap 
do not all act as recombination centres, for example those 
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near the band edges are in thermal equilibrium with the 
neighbouring bands, and carriers are more likely to return 
from them to the bands than to recombine. Rose“ has 
defined the ‘‘demarcation levels” which denote energy levels 
at which transitions downward or upward are equally 
probable. In a semi-conductor the demarcation levels for 
electrons and holes coincide at approximately the same height 
above the valence band as the Fermi level is below the con- 
duction band, as in Fig. 2(a). In a semi-conductor recom- 
bination occurs only at levels between the demarcation and 
Fermi levels. Their positions of course vary with temperature. 


conduction band 


Fermi. level 


demarcation level 


valence band 
(a) 
conduction band 


OS ema steady state electron t 
aa Fermi level demarcation 
evels _.—.—.4~ levels 

Nats Ses Se ee 
steady state hole Fermi level 
valence band 
(b) 
Fig. 2. (a) Demarcation level in a semi-conductor. 


- (6) Demarcation levels in an insulator. Alternative 
positions are shown at left and right 


In an insulator, however, the electron and hole demarca- 
tion levels are distinct, Fig. 2(b), and either coincide with the 
two corresponding steady state Fermi levels,* or are slightly 
displaced from these. When displaced, both levels are 
situated equally above the corresponding Fermi levels, as at 
the right in Fig. 2(6), or equally below them, as shown at 
the left. In an insulator, recombination occurs only at levels 
situated in the gap between the highest and the lowest of these 
four. Thus it is levels not too near the band edges which 
control recombination in both insulators and semi-conductors. 

In the general case the increase in free electron density 5n 
and in free hole density dp produce an increase in con- 
ductivity 60 = dneu, + dpeppz, where fu, is the electron 
mobility, 4, the hole mobility and e the electronic charge. 
For band to band excitation and recombination processes, as 
we have seen, 6n = 6p = g7, = &T,, 1.€. excess electron and 
hole lifetimes and densities are equal. It can be shown that 
under these conditions the rise and decay of photoconductivity 
are exponential, with a time constant equal to 7. A large 
value of 7 is clearly necessary to give a large photocon- 
ductivity dc. 

If we consider the case of a crystal with ohmic contacts, 


* The steady-state Fermi level is defined as being at - 
ration E from the appropriate band edge, where te Ng ee EIR) 
Ns is the density of states in the band, and the number of free 
carriers. Thus for electrons the values refer to the conduction 
band, and for holes to the valence band. These steady state Fermi 
levels are separate from each other and from the ordinary Fermi 
ees vet wodinion is see and maintains electron and hole 

ensities different from those characteristi ilibri 
Spay cteristic of thermal equilibrium 
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flooded with light, then when carriers created by the light 
reach one electrode, new carriers enter via the opposite 
electrode and take their place, so that the creation of one 
carrier can lead to charge transfer until recombination occurs. 
Thus if the transit time of a carrier is T and its lifetime is + 
there is a gain 7/7, and if the generation rate is g, charge 
transfer occurs at the rate g7/T. To obtain a large photo- 
sensitivity for a given light input and spectral distribution 
one requires, therefore, in this case, both a high lifetime + 
and a low transit time 7, i.e. a high carrier mobility. 

In contrast with the case where band to band recombina- 
tion occurs, the introduction of only one intermediate 
recombination level leads to a much more complicated 
theory,© and only special cases can be treated fully. The 
electron and hole lifetimes are not now necessarily equal, 
ie. Sn is not necessarily equal to dp; the decay curve for 
photoconductivity is in general the sum of two curves, and 
the time constants of these, if they are exponential, are not 
necessarily the same as the steady state lifetimes. D. H. 
Clarke of this Laboratory has analysed the situation in a 
recent paper. 6x will be equal to dp only when the density 
of recombination states is low compared with the density of 
carriers added by illumination. The decay curve will then 
be a single exponential with time constant equal to the life- 
time of either carrier. Germanium can be prepared con- 
taining no more than about 10!*/cm? recombination centres, 
in which case this behaviour is encountered at room tem- 
perature with quite low levels of illumination. Photo- 
conductivity then decays exponentially with a time constant 
of the order 100 us compared with the expected 0-38 for 
edge recombination. 

When the density of recombination levels is not low com- 
pared with that of added carriers, the behaviour is more 
complex. It is specially important to consider the conse- 
quences when centres are present which have widely different 
capture cross-sections for holes compared with electrons. 
Such levels tend to become occupied by an excess of the type 
of charge carrier most readily captured. If these levels are 
not fully occupied by these carriers in the dark, then under 
irradiation their occupancy will increase, at the expense of 
the population of free carriers of like sign. Recombination 
centres in which charges of one sign can accumulate are 
referred to as “‘traps’’ for those charges. Thus if the capture 
cross-section of a centre for an electron is s,, and for a hole s,, 
and if s, is much greater than s, (electron trap), then there 
may be an increase of electron density 6,, in such centres on 
illumination. If the increased density of free electrons is 6% 
and of free holes dp, then 6n + 6,, = dp, to retain charge 
neutrality. Thus 6p may be much greater than 6x” when 
electron trapping occurs, and conversely when a centre is 
present with s, > s, (hole trap), 62 may be much greater 
than dp. For a given rate of generation g, the presence of 
hole traps can thus lead to higher values of dn and of 7, 
than in the absence of such centres, and therefore to a higher 
photoconductive sensitivity. 

The effects thus described can occur only when (a) the 
recombination centres are not fully occupied in the dark by 
the type of carrier which they can preferentially capture, 
and (b) when the excitation is low enough to generate free 
electron and hole densities less than the recombination state 
densities. As soon as these states are filled, further increase 
in excitation can only maintain 6” and dp equal, with equal 
lifetimes and relatively low sensitivity. The values of Sy and 
5, are no longer relevant. 

The density of unoccupied trapping levels is very low a! 
room temperature in good quality germanium, giving the 
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verformance referred to above, i.e. lifetime near 100 ps, 
sssociated with low photoconductive response. If, however, 
ermanium contains a transition metal impurity at a higher 
lensity, of the order 10!> atoms/cm?, then ‘7 this impurity 
orms centres with a double negative charge at liquid air 
emperature. These have a fairly high hole capture cross- 
ection, s,, of the order 10~'>cm?, i.e. they tend rather 
iasily to lose an electron, and even after losing one, the 
‘apture cross-section for an electron, s,, remains low, of the 
der 10-7! cm?, because of the remaining negative charge. 
vhis high value of s, relative to s,, results in a much larger 
shotosensitivity than in the absence of impurity centres with 
i ee negative charge, because of the increased value 
f n 

The various ‘types of level referred to, i.e. recombination 
hires, deep trapping levels and shallow traps, may all be 
»resent in one crystal. Thus germanium with 10!>/cm3 
fanganese atoms will also contain about 10!2/cm3 recom- 
ination centres due to vacancies or unknown impurities, 
‘ogether with a concentration of donor and acceptor levels 
sear the band edges varying with the method of preparation. 
“Mloreover, there may be levels of different energies within 
‘ny of these three categories, as would happen in germanium 
* more than one transition element and more than one 
‘roup III or group V element were present. The best quality 
jinc or cadmium sulphide so far produced appears to contain 
everal levels of each of the three types. It should be noted 
‘nat the presence of shallow traps, i.e. levels nearer the band 
dges than the demarcation levels, does not affect the equili- 
rium values of 6” and dp, and therefore does not affect the 
jagnitude of the photoconductive response. It does, however, 
‘Iter the time constants of the rise and decay of photo- 
‘onductivity, because of the time necessary to bring the 
}ccupancy of the bands into equilibrium with that of the 
hallow traps. 
) For a fixed population of recombination and trapping 
entres, the position of the steady state Fermi levels and 
nerefore of the demarcation levels is altered by variation of 
he concentration of donors and acceptors, while for a fixed 
‘oncentration of donors and acceptors, these levels are 
tered by variation of temperature or by the actual process 
if illumination. The movement of the demarcation levels 
vill alter the number of states acting as recombination centres 
ind deep traps, if there are numerous states distributed in 
inergy in the forbidden gap. If there are only a few such 
tates, their occupancy will be modified by movement of the 
‘emarcation levels. 
| Thus raising the donor concentration in an n-type material 
vill raise the Fermi level and increase the separation between 
he two extreme levels in Fig. 2(a) or 2(b). It will therefore 
crease the number of levels acting as recombination and 
cep trapping states; if the latter are dominating the behaviour, 
s in germanium with about 10!5/em? manganese atoms, the 
ffect will be to rise the photoconductivity. The same effect 
ccurs in cadmium sulphide, where replacement of sulphur 
y a halogen or of cadmium by gallium gives increasing donor 
concentration, and raises both the dark conductivity and the 
hhotosensitivity. 
Increased illumination will also increase the separation 
‘etween the two extreme levels, and again there will be con- 
jtions under which the number of levels producing hole 
‘apping is thereby increased. When this happens the 
smsitivity will rise as the level of illumination rises, so pro- 
ucing a “super-linear response” of photoconductivity to light. 
' Raising the temperature of an n-type material lowers the 
‘ermi level, brings the two extreme levels closer together, 
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and so lowers the sensitivity when hole-trapping centres are 
dominating the behaviour, because fewer states are embraced 
between the extreme levels. At a sufficiently low temperature 
the extreme levels may embrace all the available trapping 
states at low light intensity, in which case the sensitivity is 
high at low light intensity and super-linearity of response 
cannot occur. At a higher temperature, the levels will be 
closer, the sensitivity at low illumination will be less, but 
superlinearity can occur again as the extreme levels separate 
Over an energy range where trapping states exist. The tem- 
perature at which super-linearity can occur will vary with 
different materials and with different distributions of trapping 
states in these materials. These various effects of temperature 
and illumination have been observed and studied in particular 
with cadmium sulphide and cadmium selenide, as discussed 
below. Some typical results for cadmium sulphide are shown 
in Fig. 3. 

It should be noted that in the absence of any recombina- 
tion or trapping centres, dn and dp would both vary with light 
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Fig. 3. Photocurrent as a function of light intensity at 


Red-sensitive cadmium sulphide: 
100 V applied 


various temperatures. 
copper: chlorine crystal. 


intensity according to a square-root law, because the recom- 
bination process would be “‘bi-molecular.’”? With a single 
recombination level effective, the recombination process 
becomes “‘mono-molecular,’ and a linear law would be 
followed. As the level of illumination rises, the separation of 
the extreme levels of Fig. 2(b) will increase, and if they 
embrace an increasing number of levels which can act as 
recombination centres, then the sensitivity will decrease and 
the relation between photoconductivity and light intensity will 
be sub-linear. These three types of relation are encountered 
both when no trapping levels are present, and also when 
trapping levels are present but when the temperature is either 
above or below the range in which super-linearity occurs. 
The sensitivity will be low when no trapping states are present, 
or when the extreme levels [Fig. 2(5)] do not embrace any 
such states, i.e. at temperatures above the super-linearity 
range. The sensitivity will be high if trapping levels are 
present and are all embraced between the extreme levels, 
i.e. at temperature below the super-linearity range. 

We have seen that the excess carrier density, and therefore 
the photoconductive response, is proportional to the lifetime 
of the carriers mainly responsible for the photoconductivity. 


BRITISH JOURNAL OF APPLIED PHYSICS 


1 ae 


D. A. Wright 


This lifetime is directly related to the response time, i.e. the 
rise and decay times observed when square light pulses are 
incident. Thus the more sensitive the material, the longer the 
response time, which moreover will vary with the level of 
illumination, just as the sensitivity has been shown to do. 
With a material having high sensitivity at low light levels, the 
response time and the sensitivity will fall as the level of 
illumination rises. It may be noted that the very shallow 
trapping levels already referred to will produce a “tail” on 
the response time, extending it beyond the value directly 
related to the true lifetime +. Typical forms of the response 
curve of green-sensitive cadmium sulphide are shown in 
Fig. 4. The time constants are less for blue light than 
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Fig. 4. Cadmium sulphide crystal with peak response at 
A = 5150 A, showing rise and decay characteristics with 
illumination on either side of the absorption edge 


(a) Monochromatic illumination, A = 4790A; (6) mono- 
chromatic illumination, A = 5450 A. 


for red, because the penetration of blue light is much less, 
and the recombination processes are determined at the 
surface, rather than within the crystal as with red light. 
_ Recombination through levels at the surface is faster than 
through levels in the crystal. 


3. CADMIUM SULPHIDE 


3.1. General features.©) Cadmium sulphide in its ‘‘pure” 
form has a resistivity of the order of 10!2Qcm. It can be 
prepared as a powder, a single crystal, or as a thin film. The 
photosensitivity in the pure state has a peak response near the 
absorption edge, ie. near 5150A, and is small because 
recombination centres are unavoidable with present tech- 
niques. The material can be made semi-conducting, with a 
resistivity as low as 1/10 Qem, by the addition of atoms of 
a halogen or of gallium or aluminium. These provide donor 
levels, situated less than 0:05 eV below the conduction band. 
They follow the “hydrogen model” quite well, i.e. the 
ionization energy corresponds with that for a hydrogen atom 
corrected for the dielectric constant of the crystal, 2:45, 
and the effective mass of the electrons m* = 0:25m.0% The 
provision of these donors raises the Fermi level compared 
with its position in the pure material, moves the two extreme 
levels much further apart [Fig. 2(b)], and so increases the 
sensitivity because more hole-trapping states are included 
between these levels. There is therefore a marked increase in 
photoconductivity, still with the same spectral response. The 
implication is that hole-trapping levels are present initially in 
the pure crystal as well as recombination centres, and that 
activation occurs mainly as a result of the movement apart 
of the demarcation levels when donors are added. 

As the donor concentration rises, both the dark con- 
ductivity and the photoconductivity increase over a wide 
range. The ratio of light to dark current first increases, 
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passes through a maximum when the dark resistivity is about 
10° Qem, and then decreases again. The effect is the inverse 
of that when copper is added to cadmium sulphide containing 
chlorine, which is discussed below and shown in Fig. 5. 
Ultimately the photoconductivity ceases to increase when 
there are no further hole-trapping states to be included by 
further separation of the two extreme levels. 

The change in dark conductivity with donor concentration 
is very rapid; for example, it is necessary to add only 5 parts 
per million of chlorine to reduce the resistivity from 10!2 to 
less than 1 Qem. Accurate control of photoconductivity near 
the composition giving the maximum ratio of light to dark 
current is found in practice to be difficult by control of 
chlorine content alone. If, however, suitable acceptor levels 
are provided, a corresponding number of electrons from 
donor levels fall into these, so reducing the dark conductivity. 
Such acceptors are provided for example by the use of traces 
of copper or silver to replace cadmium. Addition of these 
therefore gives a further means of controlling the conductivity. 
It is found in practice to be simpler to add considerably more 
chlorine than is necessary to raise the dark conductivity to 
about 10? Qcm, and to compensate the excess by adding 
copper or silver. It should be noted that continued addition 


_of these impurities does not convert the material to a p-type 


semi-conductor. 

As the copper concentration rises with a given fixed halogen 
concentration, the dark conductivity and the photocon- 
ductivity fall as the Fermi level moves downwards. The 
effect of adding acceptor centres in this way is shown in Fig. 5, 
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Current (A 


0-08 
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Fig. 5. Photocurrent and dark current of cadmium 
sulphide : copper: chlorine powder as a function of 
copper concentration 


400 V across 1 mm gap, 2 mm long. 


and is the inverse of the effect of adding donors to a pure 
crystal. Ultimately, provided the halogen concentration is 
sufficiently high, a condition is reached where the increasing 
copper concentration alters the spectral response. The peak 
response moves to 7000 A, and the response near the absorp- 
tion edge falls. When copper and chlorine have similat 
concentrations, near one part in a thousand, the response is 
as in Fig. 6, curve (5), contrasting with the edge responsé 
when both concentrations are low. The form of the edge 
response is shown at (a) in Fig. 6, but the height relative tc 
the red peak (b) has been reduced for convenience in plotting 
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he total response to a tungsten lamp is in fact similar for 
1e two curves, provided the concentrations are adjusted to 
‘ve similar dark conductivity. 

Another effect of high copper concentration is that super- 
nearity is introduced at room temperature, as was shown 
. Fig. 3, whereas in the purer condition it is present only 
dove about 100°C. This is true even when the dark con- 
uctivity is the same for the high impurity concentration as 
or the low; this can be achieved by appropriate balancing of 


CdS. low concentrations of Cu and Cl 
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Fig. 6. Spectral distribution of cadmium sulphide 
photoconductors 


ye copper and halogen concentration whatever the con- 
entration of either separately. When the conductivity is the 
ume, the Fermi level is the same, unless the mobility is 
ltered_very much by the addition of the copper. Thus one 
aust conclude that for a given position of the Fermi level, the 
‘ole demarcation level is higher relative to the hole-trapping 
svels when copper is present at high concentration. 

The effect of temperature on photoconductivity also 
epends on the concentration of donors and acceptors. 


200 


Pa Cd$:Ag:Cl 
t<<qreen sensitive) + 


| \s(ba) 
(by) ‘\ 


CdS:Cu: C1 (low) 
-— (green sensitive) 


CdS:Cu:C! (high) 
(red sensitive) 


Photocurrent (1A) 
fe) 
e) 


-200 +100 +200 


-lO0O O 
TCC) 
Fig. 7. Variation of photocurrent of various cadmium 
' sulphide crystals as a function of temperature T; illumina- 
tioni—=330) fie: 


} 
bi 


VoL. 9, JUNE 1958 


209 


Crystals activated with chlorine, containing no added copper, 


‘ give increasing sensitivity as temperature rises to 200° C, see 


curve (a), Fig. 7. When copper is added and the chlorine 
content is raised to give the same dark conductivity at room 
temperature, curve (b,) is obtained. The crystals in this case 
are still sensitive to green light near the absorption edge. 
A similar curve (6) applies for low concentrations of silver 
and chlorine. Further increase in copper and chlorine 
content gives ultimately curve (c) for red-sensitive crystals. 
This is the condition giving superlinearity at room tem- 
perature referred to in the previous paragraph. For curves 
(6,) and (45), super-linearity occurs near and above 150° C, 
when the Fermi level is 0-7 eV or more below the conduction 
band. This is the situation discussed in detail by Rose“ 
and Bube,“) and arises because the lower of the two extreme 
levels of Fig. 2(5) is then about 0:9 eV above the valence 
band, and a group of hole-trapping levels is situated near this 
energy. The depth of the Fermi level below the conduction 
band when the hole-demarcation level passes through the 
hole-trapping levels is indicated in Table 1 as the “critical” 
depth of the Fermi level. 

The presence of the hole-trapping levels about 0:9 eV 
above the valence band for small copper concentrations is 
confirmed by the occurrence of infra-red quenching. Infra- 
red radiation reduces the photoconductivity introduced by 
visible radiation, the effect occurring with three maxima at 
0:9, 1-35 and 1:65eV. The lower energy maxima are the 
main ones in sensitive crystals, and the intensities of the 
quenching effects are closely related in these two bands. 
This can be explained. assuming that transitions of electrons 
are induced by the infra-red radiation from the valence band 
to the hole-trapping levels about | eV higher. These transi- 
tions free holes from these levels, which increase the rate of 
recombination through the ordinary recombination centres, 
so decreasing the sensitivity. The effect can occur only when 
the levels are fully operative as hole traps, i.e. when the 
demarcation level is below them. Correspondingly the 
quenching can occur only at temperatures at which the 
sensitivity is high at low light levels, below the range where 
super-linearity occurs and where the response begins to 
decrease as temperature rises. At low copper or silver 
concentrations, curves (b) of Fig. 7, this occurs as stated 
above when the depth of the Fermi level is 0:7 eV and the 
demarcation level is 0-9 eV above the valence band. With 
no added copper, curve (a), Fig. 7, the infra-red quenching 
peaks occur at the same energy as with low copper content, 
thus the critical height of the demarcation level is 0:9 eV in 
this case also. To account for the difference between curves 
(a) and (b), one must suppose either that the Fermi level is 
correlated in a different way with the demarcation level in 
the two cases, or that the temperature variation of the Fermi 
level is different. The Fermi levels are similarly situated at 
room temperature because the conductivity is the same. The 
effect of temperature on the Fermi level has not been studied 
systematically, but it is possible for its variation with tem- 
perature to be different, and in fact smaller, for case (a) than 
for (6), because in the absence of copper there are many 
electrons in trapping levels even above room temperature. 
These fall into the acceptor levels as copper is added. The 
presence of trapped electrons at and above room temperature 
in crystals with very low copper concentration is shown by 
these observations, comparing case (a) with case (5): 


(i) the response time is longer for (a) than for (5); 


(ii) electrons are released from traps in a “thermal glow” 
experiment at higher temperatures for (a) than for (5); 
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(iii) the photoconductivity increases initially before the 
usual decrease in an infra-red quenching experiment in 
case (a), but not (b) [or (c)]._ This occurs because near 
infra-red radiation cannot only raise electrons from 
the valence band to the hole-traps, but can also raise 
them from electron-traps to the conduction band. 


The addition of silver at high concentration has the same 
type of effect as that of copper. The peak sensitivity is near 
6000 A (Fig. 6), thus silver produces electron-occupied levels 
about 2:2 eV below the conduction band, whereas the copper 
levels are at a depth of about 1-7 eV. 

The response time after activation with copper or silver 
together with a halogen depends on the sensitivity achieved 
and on the level of illumination, as indicated at the end of 
section 2. Unfortunately, although with low sensitivity 
material or high light level the response time may be less than 
1/100 s., at high sensitivity and low light level it may exceed 
one second. This is too slow for many applications. The 
variation of response time with level of illumination for red- 
sensitive cadmium sulphide is shown in Fig. 8. 
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Fig. 8. Variation of photocurrent and response time 
with illumination for red-sensitive cadmium sulphide 
(a) is more sensitive, the applied voltage is 10 V and the 
response time plotted is to # value. (b) is less sensitive, the 


applied voltage is 50 V and the response time plotted is to 
% value. 


3.2. Preparation of material. Cadmium sulphide crystals 
have not so far been grown from the melt, because of the 
difficulties associated with the facts that the melting point is 
high and the dissociation pressure is high at the melting point. 
The procedure is either to react cadmium vapour. with 
hydrogen sulphide,{ and to condense the product at a 
constant temperature, or to sublime cadmium sulphide 
powder in a low pressure of hydrogen sulphide and condense 
the vapour.“ 

The former gives so far the purer product, though the 
crystals are usually more flake-like than those produced by 
the latter process. If activation with chlorine is desired, 
hydrochloric acid is added to the hydrogen sulphide. The 
introduction of copper is effected by washing the crystals after 
growth in a copper salt solution, or by evaporating copper 
on their surface and then firing at 700°C. It is not easy to 
ensure uniform distribution of chlorine or copper or similar 
impurities, but of course the penetration of light near the 
absorption edge is limited to a depth of the order 1/10 LL, SO 
that it is the concentration in this depth which determines 
the photoconductive response; after activating a crystal, 
grinding or etching its surface produces marked changes in 

BRITISH JOURNAL OF APPLIED PHYSICS 


210 


the behaviour. The normal situation is that both the chlorine 
and the copper concentrations are greatest near the surface, 
and decrease on entering the crystal. The ratio of the two 
is not necessarily constant with depth, nor does it necessarily 
vary in the same way in different crystals. Thus for a given 
photoconductivity of the surface layers, the dark conductivity 
of the “core” of the crystal may vary over a wide range, 
However, the overall dark conductivity of the crystal is much 
influenced by the higher-resistivity outer layers, which also 
determine the photoconductivity. Thus photoconductivity 
and the dark conductivity are well correlated in spite of the 
lack of homogeneity, provided that ohmic contacts are made 
to a part of the surface which has received the same treatment 
as that upon which the light is incident. 

3.3. Contacts. Ohmic contacts are readily obtained using 
either indium or gallium, which can be melted or evaporated 
on to the crystal. Other materials such as silver, gold or 
graphite give ohmic contacts if special cleaning treatments 
are given to the crystal surface, for example electron or ion 
bombardment.“3) With some crystals, however, we have 
found that these materials give good contacts without such 
special cleaning. Chlorine-activated crystals containing no 
added copper have higher surface than bulk conductivity, 
due to the chlorine concentration gradient, and marked 
rectification effects are obtained with these crystals by making 
an indium contact to the surface as grown, and a silver or 
gold contact to the surface after etching, i.e. to a deeper seated 
region with lower conductivity. However, quite a small 
reverse voltage breaks down the rectifying barrier and lowers 
the resistivity of the silver or gold contact. 

3.4. Voltage response. If a layer of powder is prepared by 
depositing powder in some form of binder, the current is 
restricted by the high resistance at the contacts between the 
particles. Both dark current and photocurrent are small at 
low voltages, but increase steeply with voltage, following 
approximately a fourth power law due to the breakdown of 
the contact resistance. Photoconducting cells made with 
such layers are therefore not suitable for low voltage operation. 
It is possible, however, to sinter cadmium sulphide powder 
giving a coherent block of material with ohmic resistance, 
and with a performance not greatly inferior to single crystals. 

3.5. Thermal activation. Recent work in this Laboratory 
by Dr. J. Woods“ has shown that the dark conductivity of 
pure cadmium sulphide crystals grown by the Frerichs’ 
process can be raised by heat-treatment, and that the photo- 
conductivity increases at the same time. The heat-treatment 
may either be in vacuum or in air, and may be at any tem- 
perature between 100 and 700° C, though the details of the 
spectral response depend upon the temperature and the 
ambient atmosphere. Below 300° C the effect occurs because 
excess cadmium is present in the crystals after growth. 
Above 300° C dissociation occurs, sulphur volatilizes, and 
further excess cadmium is produced. Thus at the higher 
temperatures the conductivity of all crystals rises con- 
tinuously, but below 300° C there is a limit to the increase, 
and in fact with prolonged heating the conductivity passes 
through a maximum and falls again as cadmium is lost from 
the crystals. If a current is passed through the crystal when 
the temperature exceeds 300° C, the dissociation and conse- 
quent activation processes are accelerated. 

When the heating is carried out in vacuum, the resultant 
photosensitivity is high for blue light, though the peak still 
occurs at the edge frequency, Fig. 9, curve (a). Exposure to 
oxygen at room temperature, curve (5), destroys this blue 
sensitivity, which is clearly due to a surface effect. Evidently 
oxygen introduces surface recombination centres which are 
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t present after heating in vacuum. After heating in air 
low 450° C, the sensitivity is localized near the absorption 
ge as with chlorine-activated crystals, or crystals heated in 
cuum and then exposed to oxygen. Heating in air above 
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Fig. 9. Spectral sensitivity of photoconductivity of 

cadmium sulphide: (a) after heating in vacuum; (b) the 

same crystal after exposure to oxygen at room tempera- 
ture; (c) a second crystal heated in air at 500° C 


0° C, however, gives a good blue sensitivity, curve (c), 
nilar to that after heating in vacuum. After this heat- 
satment, the photoconductivity is maintained to higher 
mperatures than after heating in vacuum, in fact the two 
at-treatments give curves respectively resembling (a) and (5) 
| Fig. 7, for chlorine/copper-activated crystals. The infra- 
di quenching frequencies are the same for both heat-treat- 
ents as they are after chlorine/copper activation, thus the 
le-trapping levels are again the same. The good main- 
yance of photoconductivity with temperature for the crystals 
ated in air is due as in curve (a), Fig. 7, to a high density of 
upped electrons, much higher than in crystals heated in 
‘cuum, These electrons are mainly in the level 0-7 eV 
low the conduction band, which can probably therefore 
attributed to oxygen in the crystals. Whether the 0:7 eV 


traps present in chlorine-activated crystals are due also to 
residual oxygen is not yet known. 


4. CADMIUM SELENIDE 


The properties of cadmium selenide differ in detail from 
those of cadmium sulphide, but follow the same general 
pattern. The differences arise mainly because the forbidden 
gap width is smaller, as shown in Table 1. The response in 
the pure material is therefore at a longer wavelength, while 
any levels in the forbidden gap are nearer to the band edges. 
As temperature rises the sensitivity falls almost immediately 
above room temperature, as. the Fermi level passes through 
0:3 eV below the conduction band. The lower of the two 
extreme levels [Fig. 2(b)] is then passing through the hole- 
trapping levels about 0:-5eV above the valence band. 
Correspondingly, super-linearity occurs in cadmium selenide 
at room temperature. The electron traps are also shallower 
than in cadmium sulphide, so that the long tail on the response 
time disappears at lower light levels. 

For a particular light level, the response is between 10 and 
100 times faster than for cadmium sulphide. The sensitivity 
at the peak in the spectral distribution is similar to that for 
cadmium sulphide; the overall sensitivity to light from a 
tungsten lamp is therefore greater because of the longer 
wavelength at the peak. 


5. CADMIUM TELLURIDE"™® 


Some of the properties of this compound are also shown 
in Table 1. It has been studied in less detail than the first 
two. An important point is that it can be made p-type with 
excess tellurium or by doping with copper or silver, whereas 
the others cannot. Since the gap width of 1:42 eV is near 
the optimum value for solar batteries,“'” there is considerable 
interest in the preparation and properties of p—n junctions in 
this compound, though this is a photo-voltaic effect, not 
photoconductive. The peak photoconductive response is 
found to occur at 0:84 , which is at the absorption edge as 
with cadmium sulphide and cadmium selenide. 


6. ZINC TELLURIDE 


Zinc sulphide and selenide have been studied in great 
detail, but are important primarily as phosphors. They 
resemble the corresponding cadmium compounds in many 
respects. Zinc telluride has been investigated as a photo- 


Table 1. Photoconducting cadmium and zinc compounds 
| Infra-red Maximum Critical 
| Energy quenching electron depth of 
I gap Refractive Melting peaks trap depth Fermi level 
(eV) index point Ve Un (eV) (eV) (eV) 
1S hexagonal 2-4 2-5at6000A 1475°C ~200 1-65 0:7 0:6 
| AbO SI) 
| 0:9 
1Se hexagonal 1:7 ~1250°C = ~200 1-20 0:4 0-3 
1-0 
Te cubic 1-42 3-3 1040°C = 3 600 Ss $50 
\S hexagonal or cubic 3:65 2-4 at 6000A ~100 
‘Se cubic 2°6 
Te cubic 2EMS .1240° C 0-7-1-2 0:3-0-45 
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Table 2.. Photoconducting lead compounds 


Melting 


Fe 
Wright a 


Recombination 


1 Energy gap ; : am f, ee 

ree at ee K : epea consta - ‘, fa ps we ife on 

PbS 1110 0-30 17-4 70 580 350 T 52 ~10~5 
PbSe 1065 0:22 20-7 —_— 900 500 Parle ~3-10-6 
PbTe 904 0:27 30-0 — 300 300 Taal2 ~3-10~° 


conductor,“!®) and all the considerations of section 2 have 
been found to apply. The behaviour is shown in Table |. - 


7. LEAD COMPOUNDS 9% 


Compounds of lead with sulphur, selenium and tellurium, 
are important photoconductors in the infra-red, and are 
usually used in the form of thin films. The details of the 
processes are becoming understood, and again appear to fit 
into the pattern of behaviour of section 2. Some properties 
are given in Table 2. 

Recent work on lead selenide@” has shown that thin films 
are initially n-type with low photoconductivity because of 
recombination centres, but sensitization with oxygen produces 
acceptor centres which not only make the film p-type, at least 
near the surface, but also produce marked electron trapping. 
The acceptor centres have s, much greater than s,, and 
therefore lead to a high photoconductivity due to holes. 
Excess sulphur produces electron traps also, but these are 
shallower and are effective in raising photoconductivity only 
near liquid air temperature. 

In lead sulphide there has been considerable speculation as 
to the mechanism, and barriers have been thought to play an 
important part. It now appears that the considerations of 
section 2 may be applicable, and that the high sensitivity is 
associated with the production of a high majority carrier 
density, again probably because of minority carrier trapping.?) 


8. INDIUM ANTIMONIDE 2) 


? Indium antimonide has a small gap width, only 0-17 eV 
at room temperature, so that its absorption edge is near 7 ju. 
The calculated lifetime expected for direct recombination of 
electron and hole pairs with radiation of ‘‘edge’’ emission is 
about 0:5 us. This is the maximum lifetime which would 
be observed if recombination centres were absent, or if the 
effect of recombination centres were reduced by the addition 
of appropriate minority carrier trapping centres. The 
observed lifetime is of the order 1/10 ys,?@» so that recom- 
bination centres may be present, but if so their effect is 
smaller than in any other semi-conductor when expressed as 
a ratio of observed lifetime to calculated recombination 
lifetime. 

It would appear at first sight that lifetimes of 1 js or less 
would not be consistent with a useful photoconductive effect. 
However, Moss” has shown that the photoconductive effect 
measured as a change in voltage across a specimen at constant 
current is dependent on the ratio of electron to hole mobility, 
and is large for a given gap width if the intrinsic carrier density 
is low, i.e. if the product of the effective masses for holes and 
electrons is low. Indium antimonide has the highest mobility 
ratio known, and this factor makes the sensitivity four times 
larger than that of any other material for a given lifetime. 
The effective mass product is also particularly low, about 
10 times less than for most semi-conductors. Thus in spite 
of the low lifetime, this material in a state of high purity is 
a useful photoconductor for detection of infra-red radiation 
-at wavelengths of 7-8 p. 
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9. OTHER MATERIALS 


Many other materials are of actual or potential value as 
photoconductors, but there is not a great deal of detailed 
systematic information. Their behaviour is indicated in 


Table 3. 
Table 3. Additional photoconductors 
esd asa location tee if 
absorption edge absorption edge 

(wu) (eV) (vu) 

ZnO n 0:39 Bak 

Se Die 0:77 126 ~0:-7 

Sb,S; n 0-77 1-6 

TIS 1-1 1-1 ~1:0 

Cu,0 D FB 0:8 0-8-1-1 

Ag,S 1-4 0-9 

Mg;3Sb, 1 "4 55 0-8 

Cd3As, 2-1 0-6 

MoS, E-4=2-1 | 0-6-1-1 

ZnSb DD 0-55 

ic 7) 339 0:34 

Mg,>Sn 3-5-5-6 0:22-0:36 


10. NATURE OF TRAPS AND RECOMBINATION 
CENTRES 


In section 2 reference has been made to recombination 
centres and to trapping centres, and the later sections have 
shown that both are present and play an important part in 
all the well-known photoconductiving compounds. The 
recombination centres may be due to unidentified impurities, 
or to defects such as dislocations. Recent evidence indicates 
that the latter form the recombination centres in lead sul- 
phide.?? The hole-trapping centres in cadmium sulphide, 
cadmium selenide and zinc telluride may be cation vacancies. 
If the cation had two positive charges, its vacancy would have 
two effective negative charges with respect to the rest of the 
crystal. It could therefore trap a hole, and still have a low 
capture cross-section for an electron, as in the case of the 
Mn?~ ion in germanium. In fact these crystals are not fully 
ionic, and the cation has less than two positive changes. 
There are other difficulties associated with this interpretation, 
however, and one of the objects of the work in this Laboratory 
is to obtain further evidence as to the nature of the hole- 
trapping centres. 

A sensitive material such as cadmium sulphide after 
activation has a hole lifetime of the order 10~!°s, and an 
electron lifetime of the order 10-35. Insensitive material 
has a hole lifetime exceeding 10~7s and an electron lifetime 
of approximately 10~° s. Both types of carrier injected from 
contacts have sufficient lifetime to give an appreciable 
luminescence due to recombination in insensitive crystals. 
This gives a d.c. electroluminescent effect at quite low field 
strengths.°®) The colour is green with frequency slightly less 
than that at the absorption edge. This is due to recombina- 
tion of holes and electrons, either directly or via a level near 
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1e band edge. It is possible similarly to obtain d.c. electro- 
tminescence throughout the volume of single crystals of high 
urity zinc sulphide (J. Woods”), whereas in crystals con- 
ining a high concentration of copper and chlorine, the hole 
fetime is small and d.c. electroluminescence is confined to 
1e region near the cathode. 


11. LUMINESCENCE 


There are important correlations between photocon- 
uctivity and luminescence, which are well illustrated by 
1e behaviour of cadmium sulphide. In the purer crystals 
iminescence is observable only at liquid air temperature or 
low, and is confined to a narrow band near the absorption 
dge, at slightly longer wavelengths, as in the d.c. electro- 
iminescence. At liquid helium temperature the band is 
solved into a number of lines, which may represent exciton 
svels, or more probably®) levels due to shallow traps, 
erhaps resulting from sulphur vacancies. 

When the crystals contain a halogen and sufficient copper 
r silver to give photoconductivity under excitation with red 
ght, the same excitation produces infra-red luminescence, at 
300 A for silver and 10000 A for copper activation.2” This 
nission is due to the return of the electron from the con- 
uction band to the emission centre. This transition is of 
ourse possible so long as there are holes in these centres, 
nd electrons in the conduction band. After excitation 
2ases, the density of the latter decays in a manner indicated 
y the decay of photoconductivity, and it is possible for the 
iminescence to decay at the same rate, provided sufficient 
‘oles remain present in the emission centres.3® However, in 
ighly photoconducting crystals, the presence of the hole- 
-apping centres can lead to rapid transfer of holes from 
‘mission centres to these trapping centres, so that luminescence 
ecays more quickly than photoconductivity.S” The final 
‘ansitions of the electrons to their ground states are in that 
ase non-radiative. 


12. APPLICATIONS 


Photoconductive cells can obviously be used for detection 
‘ measurement of radiation in the appropriate part of the 
dectrum, and in control circuits employing radiation. The 
ensitivity is greatest as we have seen near to the absorption 
dge, except in heavily doped material. Sensitivity is often 
onsiderable on the short wavelength side of the absorption 
dge, but this is a surface effect greatly influenced by the 
‘mbient atmosphere. Many of the materials can be used 
or detection or measurement of X-rays, because these 
‘enerate electron hole pairs in the body of the material, and 
ie considerations of lifetime and trapping are applicable 
ast as in the case of radiation near the absorption edge. 

_ There are other less direct applications, however, arising 
or example from the storage of a charge pattern, in Vidicons 
nd Xerography.©”) Another recent application arises from 
_ combination of a photoconductive unit and an electro- 
aminescent unit. If these are electrically in series, then the 
ght input to the former modulates its impedance, and so 
nodulates the voltage across the latter, and determines its 
ght output. With suitable adjustments of resistance and 
apacitance, sufficiently sensitive materials will give amplifica- 
‘on of the radiation incident on the photoconductor.C» 
f the spectral sensitivities are suitably chosen, frequency 
conversion can be effected, in particular from X-radiation to 
isible radiation. X-ray intensification is very desirable in 
rder to minimize diagnostic dosage, and this possible 
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application is of considerable interest. Solid-state image 
conversion from infra-red to visible is also possible, though 
it does not appear to have been achieved so far. If the 
spectral sensitivities of the two units are matched, feedback 
can be obtained and bi-stable elements can be devised which 
can be optically switched. These and more complex develop- 
ments from them have the advantage of compactness and may 
become important in the future. These possibilities have 
been discussed in a recent paper by Tomlinson of this 
Laboratory.C® 

For many of these applications faster response time is 
required than is at present available, and present work on the 
control of materials is therefore aimed at the reduction in 
density of both the shallow trap levels and the recombination 
levels. Their elimination requires increased purity and crystal 
perfection, together with, in the sulphides, selenides and 
tellurides, improved control of the departure from stoichio- 
metry. Considerable progress can be expected as the tech- 
niques of preparation of the materials are improved. 
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Sources of error in electron stereomicroscopy 
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Melbourne, Australia 


[Paper first received 25 April, and in final form 11 November, 1957] 


A theoretical examination is made of the use of the stereoscopic technique for the determination 
_ of vertical elevations in electron microscope specimens. It is shown that the variation in optical 
object distance due to tilting the specimen may introduce serious errors even for object points 
close to the optic axis of the microscope. Other possible sources of error are also analysed, and 
it is concluded that in practice, apart from limits due to resolution, these are likely to be of 
minor importance in relation to the tilt error and the precision attainable in the measurement of 
parallax. Consideration has been given to possible means of reducing the tilt error: no wholly 
satisfactory solution has been found, and it is necessary for precision work to maintain the axis 
of tilt of the specimen close to the optic axis within very narrow limits. 


INTRODUCTION 


The quantitative determination of relative elevations in a 
specimen is of considerable importance in some applications 
of electron microscopy, such as for example, in the study of 
particle shapes or the measurement of surface elevations 
by the use of a replica, It is well known that the stereoscopic 
technique, in which the specimen is tilted between exposures 
about an axis normal to the optic axis of the microscope, 
can be used for this purpose, and formulae have been 
developed that relate the relative height between two points 
in the object to the parallax between corresponding image 
points in the stereo pair.) Thus if ¢ is the relative ele- 
vation between two points in the specimen which lie in a 
plane normal to the axis of tilt and y,, y are the separations 
of the images of the two points in the two micrographs, the 
relation is‘) 


c = (¥2/M_ — y,/M))/2 sin 6 (1) 
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where 24 is the total angle of tilt between exposures, and | 
M, and Mj are the corresponding overall magnifications for | 
the two micrographs. ; 

If a stereoscope equipped with a parallax bar is used for 
making measurements on the micrographs, it is desirable to. 
make M,, M) as nearly identical as possible, in which case. 
equation (1) reduces to“! 2) 


c = (2 — y1)/2M sin 0 (2) 

These two equations assume that in practice the magni- 
fication is sensibly constant for each individual micrograph. 
Since the specimen is tilted, however, the object distance 
for each point in the specimen with respect to the objective 
lens of the microscope will vary, resulting in a continuous 
change in magnification across the image field and a differential 
magnification change between corresponding i image points in 
the stereo pair. The effect is therefore to introduce errors in 
the determination of relative elevations from the above 
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uations, which may not be insignificant since, in contrast 
) aerial survey work, the object distance in electron micro- 
‘sopy is relatively small. 

| In the absolute measurement of elevation by the stereo 
‘rethod, several possible sources of error arise, some of 
hich have been considered previously. It is clear from 
/quation (1), for example, that the precision of measurement 
/epends upon the accuracy of calibration of the magnifica- 
jons M, and M, and the total stereo angle 20.2: 4) Further- 
ore, Heidenreich and Matheson® and Drummond©®) have 
jointed out the desirability of maintaining the axis of tilt 
lose to the optic axis of the microscope (so that M a) 
nd Riihle has designed a specimen stage with this end in 
‘tew. The purpose of the present paper is to assess the 
/mportance of other sources of error inherent in the stereo 
’chnique. In particular, it is shown that the implicit assump- 
on that the magnification is constant in any one image of the 
“sereo pair, leads, in general, to serious errors in measurement 
'f relative heights, even for object points close to the optic 
xis of the microscope. 


i SOURCES OF ERROR 

(a) The tilt error 

| The effect of tilting the specimen through an angle +0 in 
je stereoscopic method is illustrated in Fig. 1. The axis of 
ilt passes through O normal to the plane of the figure at a 


H 


electron beam 


principal 
planes of 
objective lens 


| Fig. 1. Schematic diagram illustrating the effect of 
tilting the specimen in the stereoscopic method 


‘istance OC = d from the axis of the electron optical system, 
ind a distance /y from the first principal plane of the objective 
ens. When the specimen is tilted anti-clockwise through an 
ngle +0, a point C in the object originally lying on the optic 
‘xis moves to C’. The procedure is then to translate the 
pecimen so that C”’ is returned to the axis at Cy, i.e. O;C) = 
= OC =d. Similarly for (—@), O,C, = d. 

Consider two points P and Q in the specimen with relative 
levation QR=c. For positive and negative tilts the 
sitions of these points are P;, Q, and P,, Q> respectively. 
[heir distances from the axis and the objective lens are 
riven for +@ by 

hp = x, cos 8 . ) 
hg =X cost c sin 8 @) 
ip = 1) + (d — xp) sin 8 
Ig = In + @ — x;) sin 8 + ccos 0 
vhere 
CyRy = CyRy = Xj, C,Py = C2P2 = X2 
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From optical considerations it follows that an object point 
having co-ordinates (h, /) with respect to the axis and objective 
lens respectively, is imaged at a distance Z from the axis 
given by 

Z = — Khijl (4) 


where K is a constant for a particular optical system and 
depends on the focal lengths and separation of the lenses, 
and the distance of the image plane from the final lens. Let 
y; and y, represent the separation of the images of P and Q 
for +0; and let p be the (measured) parallax between these 
image points in the stereo pair; i.e. y = Zp —Zo,p = 2 — Y- 
It follows from (3) and (4) above that the parallax is given 
very closely by the relation 


P = Po + (Mc?/Ip) sin 20 + 2Mc sin 0 (5) 
where : 


Po = (M/[Ip)(x2 — x1) [d — (x2 + x;)] sin 20 


and M = — K/Ip is the magnification in either micrograph’ 
corresponding to the point O,. In electron microscopy, 
c <I) and hence the second term in (5) may be ignored in 
comparison with the other terms, leading to \ 


(6) 


It will be noted that equation (6) differs from the relation 
given in (2) by the addition of the term pg, which is inde- 
pendent of the elevation and arises from the different dis- 
tances of object points from the objective lens when the 
specimen is tilted. The term pg may be regarded as an 
“instrument parallax’? and represents the parallax that would 
be observed in the stereomicrographs for two points P and R 
in a plane specimen. 

The error Ac in determining the elevation from equation (2) 
is thus 


ts Po =X = %) ' 
ae 2M sin 6 lo [inte 3 


P ~ Po + 2Mc sin 0 


x,)]cos@ (7) 


If parallax measurements are referred to a point on the 
optic axis so that x; = 0 


Ae = (x9/Io)(d — x2) cos 8 (8) 


From equation (8) it is seen that if d > x», Ac is nearly 
proportional to x,; i.e. the error increases linearly with x if 
the axis of tilt is well displaced from the optic axis. On the 
other hand if d < x, the error is a parabolic function of x. 
An indication of the importance of the tilt error may be 
obtained from the following representative example. 

Suppose 6 = + 4°, J) = fin. (3-2 mm) and the width of 
the field of view in the microscope is 5 cm, i.e. |x)|<25/Mmm. 
The values of Ac obtained by the use of equation (8) are 
plotted in Fig. 2 for values of d= 0, 10~? and 10-1! mm. 
The limits of x, for magnifications of 2500 and 25000 x 
are also indicated in Fig. 2. Thus, for example, if the axis 
of tilt is displaced from the optic axis by 0-1 mm (which is 
roughly equivalent to one square on a 200 mesh supporting 
grid), the errors at the edges of the field with respect to the 
centre, at a magnification of 25000 are approximately 
+400 A. This value is appreciably larger than, for example, 
surface elevations of interest in the study of slip processes in 
metals. 

Equation (8) has been verified experimentally by measuring 
the parallax on stereomicrographs from gold-shadowed 
carbon replicas of a plane glass surface. Prior to obtaining 
the micrographs, the replicas were exposed in the microscope 
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to a moderately intense electron beam in order to aggregate 
the gold film into small particles and so provide detail in the 
images for parallax measurements. The electron microscope 


Height error |Acl (2) 


| coca LE Roeder 
-IO -b Eze Ona? 6 10 kio-?) 
X9 (mm) 


Fig. 2. Variation of height error with distance of the 
object point from the optic axis for the representative 
case of (= +4°, 1, = 3-2 mm, * Curves 4, B and C 
correspond to displacements of the tilt axis from the 
optic axis of 0, 0:01 and 0-1 mm respectively. Ac is 
positive or negative for +x, respectively 


used was a model EMU2B (by R.C.A. Ltd.) for which 
Or Ae T= bine (*2'MmM); * X40: seel-in. .(2-5,cm): 
Measurements were made (i) of the total parallax across the 


Parallax (mm) 


field of view for various displacements of the tilt axis from 
the optic axis, and (ii) of the parallax across the micrographs 
fora fixed displacement of the axis of tilt(d = 1:9 x 1073 in,), 
As may be seen from Figs. 3 and 4, the measured and cal- 
culated values are in good agreement. 


(b) Other sources of error 


In addition to the error introduced through tiiting the 
specimen, other errors may arise as a result of (i) unequal | 
angles of tilt, (ii) variation in /) between the individuals of a | 


€ 
= 
aS) 
wv 
= 1O 
= 
U 
(va) 
6 O 
U 
Le] 
510 
1} 
@ 
= OOM Oro O O25 7058 
Distance (d) of tilt axis from optic axis (mm) 
Fig. 3. Parallax on stereomicrographs of a plane replica 


for various displacements of the tilt axis from the optic 
axis. (M = 4300; /) = 3:2 mm) 


theoretical. 
© measured values. 


necessary, between exposures. 
leads to the following results. 
(i) Unequal tilts. 
tilt for a stereo pair be 0,, @, respectively. If AO = 4(6, — 4) 
is small, the additional error due to this effect is given by 
Acg ~ (X2 — x,)A@ or referred to the centre of the field 


(x1 te 0), 
Acg = x5A0 


An analysis of these effects 


(9) 


This error is therefore independent of Jp and linear in x. 


1650 


Distance on plate (mm) 


Fig. 4. Variation of parallax on stereomicrographs of a plane replica for a fixed displacement of 


the tilt axis from the optic axis. 


theoretical. 
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(M = 4300 X; J) = 3:2 mm; d = 0-048 mm) 


© measured values. 
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| 
stereo pair, (iii) variation in electron optical magnification — 


between exposures, and (iv) the effect of refocusing, if — 


Let the positive and negative angles of 


Sources of error in electron stereomicroscopy 


Gi) Variation of lp. 
‘a stereo pair by Aly 


If /) differs between the individuals 


| (10) 
| (ili) Variation in magnification. Ac ~ 2 a cot @ (11) 
here AK is the change in K between exposures, due, for 
sample, to a slight change in current in the coil of the 
sojector lens. 
(iv) Change in focus. It has already been observed that if 
\e stereomicrographs are taken with the tilt axis well dis- 
aced from the optic axis, the error in measurement of 
vation increases nearly linearly with the distance of the 
dject point from the optic axis. The effect is thus to produce 
tilted baseline for the contour measurements.” In some 
dplications this constant tilt can be allowed for and may 
2 preferable to an indeterminate base of variable slope. In 
ich circumstances, however, it may be necessary to refocus 
ie image when the tilt is changed between exposures. The 
onsequent change in focal length of the objective lens will 
‘ter slightly the positions of its cardinal points and thus 
troduce a small change in /). Quantitative analysis of this 
fect cannot readily be undertaken and indeed, numerical 
‘timates are only possible in specific cases where detailed 
nowledge is available of the excitation and geometry of the 
tual objective lens employed. It is, however, interesting 
» note that for immersion type objective lenses employed 
. modern electron microscopes, any movements in the 
idinal points that occur on refocusing are in such a 
rection as to partially compensate for the change in /) due 
) tilting the specimen. 


PRACTICAL CONSIDERATIONS 


The extent to which the effects considered above are of 
aportance will, of course, depend upon the accuracy of 
easurement of parallax in the micrographs. Experience in 
1ese Laboratories has indicated that if the stereoscope is 
juipped with an accurate parallax bar, the standard deviation 
x” Measurements on good quality micrographs should not 
sceed 0:01 mm. This corresponds to an uncertainty in 
>termination of elevations of 


Ac, = (0-01)/2M sin 6 (mm) (12) 


As a guide to the importance of the various sources of 
‘TOr, Ac, may be compared with the other errors for 
resentative cases. Table 1 lists the magnitudes of the 
rors calculated from the above equations for points on the 
iges of an image field of +2:5cm width. Values used for 
le various parameters are as follows:— 


ee A°Sand: +10", ly = = tin. & Zs |x| = 25/M mm, 


Table 1. Values in A of the various sources of error in 
the stereoscopic method. Values for d are in mm 
“1M Aep Ac (tilt) ser 49 1 Qi" 108 
d=0:d= 10-7. =10 7a Acy Ac, -|\ Ace Xe, 
and and 
Acx Acx 
+ 0 +2840 
2500 280 | +315 —630 —3460 | 150 715 | 60 280 
ap 2D 
OOO ON seen Sia = SO Sule tee 2a AO 28 
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It should be noted that with the exception of Ac,, all 
other errors given in Table 1 represent maximum values (for 
given parameters) in that they refer to points at the edges of 
the field and decrease progressively towards the centre, 
whereas Ag, is independent of the lateral separation of two 
points in the object. In consequence, provided A@ + 10’ 
and (Alp/Io), (AK/K) + 10~3 the only error likely to be of 
importance is that due to tilt. In these considerations no 
account is taken of the resolution in the final image, which 
will depend principally upon the resolving power of the 
microscope and the resolution limit of the specimen. In 
some cases, e.g. if a replica technique with inherently poor 
resolution is employed, the minimum measurable elevation 
may be imposed by this limitation rather than by the factors 
considered above. 


REDUCTION OF THE TILT ERROR 


The final factor to be discussed briefly is a consideration 
of means for eliminating or reducing the uncertainty in 
measurement in the stereoscopic method due to the tilt 
error. Three possibilities seem open. 

(i) If the axis of tilt is deliberately moved well away from 
the optic axis, the parallax due to tilt of the specimen increases, 
but becomes a linear function of x,. This method is clearly 
of restricted application and with most specimen holders 
supplied with commercial electron microscopes will introduce 
a number of difficulties experimentally. 

(ii) From equation (7) it is seen that within the approxi- 
mations made in deriving equation (5), Ac ~ Oifd = x, + x4. 
This implies (Fig. 1) that C,R,; = O,P;; ie. the object 
points P and R have always to be so situated that they are 
equidistant along the replica from the axis of tilt and the 
intersection of the replica with the optic axis respectively. 
In general it is not possible to arrange for this condition to be 
fulfilled. 

(iii) Thirdly, since Ac is inversely proportional to Jo, an 
increase in focal length of the objective lens will correspond- 
ingly reduce the tilt error. The overall magnification has 
then to be restored to its original value, either by increasing 
the power of the rest of the electron optical system or by 
subsequent optical enlargement of the stereomicrographs. 

For the improvement to be worth while, J) should be 
increased by a factor ~10. In practice, however, the 
reduction in tilt error following upon such an increase in Ip 
must be balanced against the loss in resolution that in 
general accompanies a reduction in lens excitation. The 
results given in Table 2, which have been computed from 
data given by Liebmann™ and Liebmann and Grad,® 
illustrate this point for 50 kV electrons. 


Table 2. Resolution parameters for various object 


distances and stereo-angles 


Stereoscopic resolution 
(A) 


Io Lens resolution 
(cm) (A) 6-5 4° 6 = +10° 
0:3 vit 50 20 
1:0 12; 90 35 
So) 24 170 70 


The deterioration in resolution with reduction in lens 
current for a lens designed to operate at an object distance [pg 
of 3 mm is shown in column 2. Heidenreich and Matheson® 
have pointed out that the minimum detectable elevation is 
also dependent upon the resolution limit of the objective 
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lens, and these corresponding minimum values are given in 
columns 3 and 4 for stereo angles of +4° and +10° respec- 
tively. Theoretically, an improvement in resolution at long 
working distances over those indicated in Table 2 could be 
obtained by designing a lens specifically for this purpose 
rather than by reduction of excitation of a short focal length 
lens. In practice, however, high resolution lenses having 
values for /) much in éxcess of 3 mm are not practical owing 
to their large dimensions. It therefore appears that for high 
stereoscopic resolution an increase in /) is not a promising 
solution to the problem. 

The considerations discussed above thus suggest that the 
best method of reducing the tilt error is to ensure that the 
axis of tilt is always very close to the optic axis of the micro- 
scope. Furthermore, as Tables 1 and 2 indicate, the other 
errors, apart from Ac,, reduce significantly as the stereo 
angle @ is increased. It should be noted, however, that in 
practice it may be very difficult to maintain the intersection 
of the tilt and optic axes within the tolerance required when 
small elevations are being measured. For example, from 
Fig. 1 it may be seen that a point C originally on the optic 
axis is displaced a distance d(1 — cos #) when the specimen 
is tilted. For d= 10-2mm, 6 = 4°, the displacement is 
approximately 2 x 10-> mm, which at a magnification of 
25000 x for example, produces a movement of the centre 
of the image of only 0-5 mm. Furthermore, the point of 
intersection on the optic axis with the image plane of the 
microscope is not usually known to this order of accuracy. 

Although it is difficult therefore to place a quantitative 
lower limit to the accurate determination of elevations by 


the stereo method, it is believed that with present iar | 
this is not likely to be reliable below elevations ~100 A 
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The pneumatic conveying of spheres through straight pipes 
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This paper reports a technique for the study of pneumatically-conveyed solids. 


Two equations 


have been established experimentally which give the pressure gradient and solid velocity along 
a pipe when non-adhesive spherical particles (up to 7 mm in diameter) are being conveyed with 


little or no acceleration by an airstream through the pipe. 

pipes (up to 7.cm in diameter) are considered. 

the practical application of the equations, and a successful check of the equations is made with 
some values of the variables outside the range studied in the paper. 


LIST OF SYMBOLS AND DIMENSIONS 


d = particle diameter iE 

D = pipe diameter AW 

g = local acceleration due to gravity 1 

&, = conversion factor (32-17) Non-dimensional 
/ = pipe length IL, 


M = mass flow rate of material M/T 

Py, = static pressure loss along length / of the 

pipe M/LT2 

u = velocity of material L/T 

vy = velocity of air eRe 

W = mass flow rate of air M/T 

v = kinematic viscosity of air ji 8 

p = density of air M/L? 

o = density of material M/L? 

f = pipe friction factor = my Non-dimensional 


BRITISH JOURNAL OF APPLIED PHYSICS 


218 


Straight, smooth and horizontal 
Included in the paper is a section examining 


h = dynamic pressure of the air flowing in 
pe 
2g 


c 


the pipe = M/LT2 


vD 
rie Reynolds number Non-dimensional 


2 


2D = Froude number Non-dimensional 


AP, = pressure drop when only air is flowing 
for a length of pipe one diameter 


long M/LT2 
AP yy = additional pressure drop when material 

is conveyed for a length of pipe one 

diameter long M/LT? 


K,, Kz = constants 

by, bp, b3, bg, bs, 

sionless groups 
VoL. 9, JUNE. 1958 


B,, By, B;, B, and Bs are indices of dimen- 


INTRODUCTION: 


dall-sized materials, such as pulverized fuel, powdered 
emicals and foodstuffs, and materials like grain, which 
ually have reasonably constant physical properties, can be 
nveyed quite satisfactorily in pipelines by a stream of air. 
ttle is known, however, about the conveyance of larger 
iterials and, in particular, about the special problems that 
se in the coal industry when shales of non-uniform physical 
operties are conveyed in an airstream to the coal face for 
of support. 

‘For the flow of solids in an airstream, the development of 
cheoretical foundation that is based on a consideration of 
2 forces involyed, such as that published by Hariu and 
olstad,) is handicapped, as McNown shows, by the 
+k of knowledge regarding the drag forces and also regard- 
the real nature of the resistance experienced by groups of 
Ttticles in confined regions. Even more important is the 
+t that any one theory would rarely, if ever, cover the whole 
age of variables experienced in pneumatic conveying, since 
ere are markedly different types of solid-fluid flow depend- 
3, as Durand has shown,® on the conveying conditions. 
thermore, the additional difficulties associated with 
egularly shaped or sticking particles make impossible the 
veady difficult task of theoretical development from the 
tailed particle dynamics. 


{ 


Because of the limited success of earlier theoretical studies 


Pp authors considered that the best way to study the problem 
's by arranging the variables that may be effective in solid- 
id flow into conventional dimensionless groups and 
‘ablishing the correlation between the groups. However, 
ice the range and number of the variables involved in 
‘eumatic conveying is extensive and, the range of the 
nensionless groups which can be derived from_ these 
‘riables also is large, it is necessary to confine a study of the 
oblem in the first instance to a limited field. This report 
scribes a study of the relatively simple case of dry spherical 
irticles up to 7mm in diameter moving in straight, level 
yes of circular cross-section. Only that part of the pipe 
vere the particles are fully accelerated is considered, and 
: air velocities are always sufficiently high to prevent 


‘gging, i.e. the erratic motion of plugs of material along a 


| 
f 
BASIC RELATIONSHIPS 


In pneumatic conveying it is essential to know the pressure 
d quantity of air required to convey a given throughput 
material, and it is also of importance to know the solid 
ocity as it moves through the pipe. Two relationships are 
srefore required, one to give the pressure gradient along 
+ pipe and another to give the solid velocity when a given 
antity of air conveys a measured throughput of material. 


The dynamic pressure of the air flowing in the pipe 


=px-) is used in this report as an indication of the 


ee conveying power of the air, and it is related to the 


fhl 
tic pressure loss along the pipe, P,, by Pr = —~ D LEAP: 


the pressure drop for a length of pipe one diameter long 
en air is flowing, then AP; = hf. The additional pressure 
yp for the same pipelength when solid is added to the 
stream is APj,, and the experimental work was designed 
examine in what manner APM and u, the solid velocity, 
yended upon pipe size (D), particle size (d), air velocity 
mass flow rate of material (1), mass flow rate of air (W), 
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and the density of material (c), these being the only variables 


- that could be incorporated in the experiment at this stage. 


The conveying fluid used throughout was air, of density (p) 
and kinematic viscosity (v). Conventional dimensional 
Pu 
h 


It 


analysis© indicates that both the dimensionless groups 


~ 


Uu ‘ ; = 
and — are functions of five other dimensionless groups. 
v 


is assumed that these functions are independent of one 
another and can be expressed as the product of powers of 
the other groups, giving the following relationships: 

Pig SNE ag 


Eu eu (BY (5) (2) 2) 
= Kale) (S) (2) 2 G) 


y 
where Kp, Kp are constants and by, bo, bz, ba, bs, B,, B, B3, By 
and B; are indices of the dimensionless groups. 


bs 


) a 


(2) 


by 


M vD gs 


W 


and 


EXPERIMENTAL PROCEDURE 


The experimental work was designed to estimate the values 
of the indices of the dimensionless groups and the constants 
K, and Kg in equations (1) and (2), and by an examination 
of the deviation of the observed readings from these equations 
establish the validity of the multiplicative suppositions. 

The study was confined to that part of the pipeline where 
particles were being conveyed with constant velocity, having 
been accelerated to this velocity from the position at which 
they were fed into the pipe. Straight horizontal pipes were 
used, as any bend or elevation retarded the particle motion. 
Two sizes of mild steel pipe of 2 and 3 in. internal diameter 
respectively were used, the cross-sections being circular. The 
friction factor of each size of pipe was maintained constant 
by occasional cleaning. 

Only non-adhesive, spherical particles were conveyed, but 
materials of different densities and particles of different sizes 
were examined, as Table 1 shows. Glass balls larger than 
7mm were difficult to feed into the smaller size of pipe, and 
any smaller than 2mm were difficult to measure on the 
velocity-measuring apparatus. The mass flow rates of the 
solids were decided by the fact that approximately 1 lb/s was 
the upper limit, common to the three materials, that could 
be fed into the pipe without blockage, and the minimum air 
velocity to convey this mass flow rate without slugging was 
50 ft/s. 

The length of pipe used in the work was some 100 ft, the 
acceleration of the particles being complete some 50 ft from 
the feeding hopper. It was possible to check that this was 
always so during the experiments, as the particle velocities 
were measured in short sections of clear Perspex pipe at 
60 and 80 ft from the hopper, using a photographic strobo-_ 
scopic technique. Fig. 1 is a schematic diagram which 
shows the layout of the experimental apparatus. 

At known distances along the 100 ft length of pipe static 
pressure tappings were made and these were connected to a 
differential manometer board. This board was photo- 
graphed during an experiment in order to record the mano- 
meter readings for the same airflow both when solid was 
being conveyed and when it was not. The mass flow rate 
of the solid was controlled by a calibrated slide-valve fitted 
between the hopper and the pipe and it was checked by 
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manometers 
connected to the 
points as numbered 


supply pressure p 
gauge along the pipe 
compressed 


air supply 


main cock 


Orifice plate 
flowmeter 


control cock 


Fig. 1. 


collecting the material for a measured time as it emerged 
from the other end of the pipe. The material was always 
examined after each experiment to check that little or no 
degradation had occurred. 

Airflow was measured by an orifice plate flowmeter with 
D and D/2 tappings, made and used according to B.S. 1042: 
1943. Air velocity was taken to be the measured volume rate 
of flow at standard conditions (60° F, 30in. of mercury) 
divided by the cross-sectional area of the pipe. The airflow 
was controlled by a valve on the downstream side of the 
flowmeter. 

It is convenient to use the word experiment as referring to 
a given throughput of material of one size when conveyed 
by a predetermined airflow along a specified size of pipe, 
during which time observations were recorded of air velocity, 
pressure gradient, solid mass flow rate and particle velocity. 
With three sizes of glass balls and one size each of maple 
peas and Blaud’s pills, there were effectively five materials 
(see Table 1). Three mass flow rates of both air and solid 


Table 1. Materials used in the experiments 
Diameter o 

Density spherical particles 

Material 1b/ft3 g/ml in. mm 
Maple peas 86 1-38 0:28 7 
Blaud’s pills 114 1:83 0:28 ) 
Glass balls 155 2:48 0:28 7 
Glass balls 169 PIAS 0:16 4 
Glass balls Ws QL 0:08 2 


were possible and, as mentioned earlier, particle velocity 
was. measured in two places. Including one repetition of 
each experiment there were therefore 180 experiments 
(5S x 3 x 3 x 2 x 2) for each of the two pipe sizes, i.e. 360 
experiments in all. To offset any time effect, such as might 
have occurred, say, with the stroboscope, from wear in the 
pipe, or owing to degradation of material, the experiments 
were carried out in a random order. For experimental 
convenience the 360 experiments were statistically confounded 
into blocks for pipe size, material and observation point. 

APy 
W, u and A P, 
have been tabulated but, for reasons of economy of space, 
they are not included in the paper. They are, however, 
readily available for examination on request to the authors. 
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All the observations of the quantities M, v, 


steel pipe 


Schematic diagram of experimental apparatus 


220 


LAS Sa) Bao 10 
Oe LD Bec 
aS. eos 
observation sections at 


60 & 8O feet from the 
hopper 


The experiments with the smallest size of glass ball we: 
rejected for the following reasons: This size of glass be 
showed some degradation, and as the degraded material wi 
always removed after each experiment the stocks of ti 
smallest balls soon became exhausted. A more serio 
criticism of the observations with these balls was the difficul 
of measuring their velocity, for, as they were so small, the 
were many double images of the balls on each photograp 
making identification of the pairs of images for each bz 
impossible. However, the pressure gradients that we 
observed are later compared with the values calculated fro 
the equations obtained from the analysis of the oth’ 
materials. 

Before commencing the analysis, tests showed that t! 
velocities at the two positions of 60 and 80 ft along the piy 
did not differ significantly, on a significance level of 5° 
and thus verified that the measurements were made in th 
part of the pipe where particles were not being accelerate} 


ANALYSIS AND DISCUSSION OF RESULTS 


Equations (1) and (2) can be written as: 


AP M One 
1 fs as ui sek 
og ta 108 Berri 08 Tt O28 sae 


D | 

ue bs log — + bylog = + bs log } 

and 
2 


u M eo 
log () = log K, + B, log + B, log 2D ap 


+ B log — 7 + Balog? ae | 


The observations were analysed to give the best estimat/ 
of Kp, by, bo, b3, by, bs, KB, By, By, Bz, By and Bs, togeth) 
with a measure of the experimental error and hen¢ 
the conventional confidence limits within which the} 
constants lay. | 

In the equation for the pressure drop ratio, b3 and by, d 
not differ significantly from zero, at the 5% significan 
level, whilst the best estimates of b,, by and bs were 0:8 
—0:45 and —0O-88 respectively, with associated standa 
errors of 0:021, 0-019 and 0-064, each having 284 degre 
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of freedom. The value of K, was 1-16 x 10-2 with a standard 
error of 0-10 x 10-2 (d.f. 284). Thus, 


APy areas sere ) ot (2) 


AP, 
and the 95% confidence limits of the indices were: 


—0-88 


b, = 0-92 to 0-84 
by = —0:49 to —0-42 
a = —1-01 to —0-76 


The groups a4 ? and © — Ea not appear, therefore, to have any 


directly significant effect on the pressure. The experiments 
were all at high Reynolds numbers where flow characteristics 
and drag coefficients are fairly constant, so that a Reynolds 
number effect was not expected. 

Analysis of the results for the particle velocity gave 


r—o2(%) 


| With 95% limits for the indices 


—0-18 0-28 


(¢) (4) 


By = 
¢ 
e By = 


O22 T to O15 
—0:41 to —0:16 


‘the standard errors being 0-015 and 0-054 respectively 
_(d.f. 285). Kp was 6:2 with a standard error of 0-45 (d.f. 285). 


tae ie) ey (as) 
In this case the groups eS aa G5) and do not appear 


io have any importance. The absence of Reynolds number 


is again not surprising but the absence of the Froude 
2 


ree ‘ f 
number, —, is difficult to explain. 
gD 


In order to facilitate’ a practical interpretation of the 
‘results it is helpful and sufficiently accurate to express 
equations (3) and (4) in the following manner: 


AP M 


| I Kp, % 0-9 W1:8 90:9)0-4 (5) 
| yi-2 po D°:4 

: EMO? Gos ©) 
| 

| 


- It is possible to deduce from expressions (5) and (6) the 
“effects of changing any of the variables. For example, a 
change in v, Bo i the other variables constant, will affect 
‘the ratio 


AP; 
as v-!°8. Since —/ is proportional to v2, 
| ah P, - fas fie 


then AP will vary as v°?. Thus, increasing v will have 
small effect on APyy. Sumailarly: the fully accelerated punters 
velocity will vary as v' 2, as expression (6) shows. 
Increasing the throughput of a given material, everything 
else remaining constant, increases the excess pressure drop 
_almost proportionally, but the maximum particle velocity is 
little changed. (It should be noted that in this paper the 
‘total pressure drop in a pipe is the sum of the excess pressure 
drop due to the material and the pressure drop that would 
occur if no solids were present.) 
With a constant throughput of the same material and the 
same airflow, changing the pipe diameter changes the excess 
‘pressure drop almost inversely gs ie square of the diameter, 
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changing the pipe diameter changes the maximum particle 
velocity inversely as the square of the diameter. 

Decreasing the size of material, keeping everything else 
constant, increases the excess pressure drop almost pro- 
portionally but does not affect the maximum particle velocity. 

Changing the density of the conveyed material, keeping 
everything else constant, does not affect the excess pressure 
drop and changes the maximum velocity only a little. 


APPLICATION OF -THE RESULTS OUTSIDE THE 
RANGE OF VARIABLES STUDIED 


As a practical check, equations (3) and (4) were tested by 
application to conveying conditions outside the range of the 
variables reported in this paper. The extrapolations could 
not be as numerous or as extensive as one would like for | 
such a test because of limited time and lack of suitable 
apparatus, but they include observations with one material 
smaller than anything used in the analysis, a few more with 
a pipe of smaller diameter, and two observations with a 
material of much greater density. 


Table 2. Velocity ratio in a 1 in. pipe 
: Velocity ratio ulv 

Materia M(ib/s) v(ft/s) Calculated Observed 
Peas 0-59 71 0-50 0-58 
Peas 0-28 75 0:57 O55 
Peas 0-28 76 0:56 0-49 
Peas 0:29 53 0:54 0:56 
4mm glass balls 0:31 55 0:43 0-40 
4 mm glass balls 0-32 75 0:46 0-42 
4 mm glass balls 0-62 75 0-41 0-48 


Table 2 shows the velocity ratio as calculated from 
equation (4) for peas and glass balls when conveyed in a 
1 in. diameter pipe, and the calculated values agree very well 
with the observed values. Fig. 2 shows the velocity ratios 


My ~9:18 — 0-28 
from Table 2 plotted against the term FG) (7) , 


and the observations are satisfactorily placed on either side 
of the empirical line given by equation (4). The ratio of 
APy, to AP; for the same materials in the same | in. pipe is 
plotted in Fig. 3 against the term 
—0-88 
G) : 


1/M 0.88 ye 

sy) seen 
and, except for one outlying point, the relationship is a 
linear one, as equation (3) indicates it should be. 


—0-45 


O8 


u/V 


0:04 


0-06 


ne O18 | -0:28 


AP, . ; Orde ; oe Fig. 2. Empirical and tical val f th locit 

; 'f ve I ig. 2. Empirical and practical values of the velocity 
oo oe is proportional to D in this case. Similarly, rai Lonpese and 4 Gay sake Balls iva (an pine 
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Table 3 shows the only two results available with small veyed in pipes 2 or 3 in, in diameter, the observations being} 
steel balls. They are included here because the density of made at the two positions 60 and 80ft along Be: pipe. 
the material is far outside the range studied and the agreement The greatest disparity between the calculated and observed |} 


: : ; | 
between the calculated and observed pressure gradient ratios ratios occurs with the largest throughput of material when } 
is good conveyed with the lowest air velocities. In these few cases } 


it was possible that some degree of slugging was occurring, | 
a condition to which the equations do not apply. In general, 
the agreement is very reasonable. 


CONCLUSIONS 
Gena (1) The experimental method and analysis form a successful 
mala) technique for the study of pneumatic conveying. 


(2) For pipes of a few inches in diameter, when straight, 
smooth and horizontal, the pressure gradient and solid} 
velocity along the pipe when non-adhesive spherical particles | 
are being conveyed with little or no acceleration by an 
airstream through the pipe are given by | 


OO PROS —0.9 
2 = es we) (a) APu of 0-012(7) (=) Ge 
Har O88 =| os fl 0-88 APr Ww gD D 
f | W gD D ae 
Fig. 3. Empirical and practical values of the pressure iy My —9:2 say -9°3 
gradient ratio for peas and 4mm glass balls in a | in. (b) Pi 6-25) () 
pipe uD V 


: a A oO 
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The exploration of space by radio. By R. HANBURY BROWN 
and A. C. B. Lovett. (London: Chapman and Hall 
Ltd., 1957.) Pp. xii+ 207. Price 35s. 


rhe completion of the 250 ft steerable radio telescope at the 
jodrell Bank Experimental Station is an auspicious moment 
or the publication of this book describing the rich yield in 
1ew knowledge of space, and of the great variety of heavenly 
9odies which populate it, obtained through the new science 
of radio astronomy. 
' Written by the director of the Station, Professor A. C. B. 
Lovell, and one of the senior research staff, Mr. R. 
danbury Brown, the book opens with a brief review of our 
resent knowledge of the structure of the Universe including 
1 discussion of the relationship of our own galaxy to the 
xtra-galactic nebulae. The radio emissions from the galaxy 
ind from extra-galactic sources are described and the 
nformation available from the study of these emissions is 
liscussed. The fascinating discovery that a few intense 
ocalized radio sources may be identified with visual nebulae 
ypens up immense possibilities for the further study of these 
ery distant objects, the radiation from which takes many 
nillions of years to reach us. The study of discrete radio 
ources within the galaxy is also described, and, in particular, 
he important part played by the emission line from hydrogen 
it a wavelength near 21cm. This hydrogen emission and 
orresponding absorption has played an important part in 
letermining the spiral structure of the galaxy. The Doppler 
hift in this emission from distant galaxies is very large 
;ompared with the red shift in their emitted light (because of 
he much longer wavelength) and may also be used to deter- 
nine their distance by means of Hubble’s law. There is 
hen the intriguing possibility of using radio emissions to 
letermine the distance of objects that lie at the moment 
yeyond the reach of the largest optical telescopes. These 
ind many more fascinating topics are discussed. Coming 
wearer home we have chapters on emission from the sun and 
rom some of the planets:and a discussion of the use of radar 
n the study of meteors. The effect of the ionosphere on 
adio waves from extra-terrestrial sources is described and 
Iso the use of these to obtain further information about the 
onosphere. The radio techniques and equipment required 
or making these observations are described in some detail 
ncluding various forms of radio telescope and radio inter- 
erometer. The book ends appropriately with a description 
yf the new 250 ft steerable telescope at Jodrell Bank. 
Although the work is of a high scientific standard it is 
horoughly readable and indeed makes a fascinating story. 
fhe authors are to be congratulated on compressing such a 
ast amount of information into just over two hundred pages 
vithout the text ever becoming a dull catalogue. or a 
ook of this standard I must, however, make one criticism. 
t is astonishing that the authors should have not thought 
t- worth while to give references in the accepted form. 
Practically no formal references are given in the text and only 
ecasionally are the initials of authors given. The same 
fiticism applies to the index in which no consistency 
ppears—sometimes initials are given sometimes they are not. 
n any case the index is quite inadequate for a work of this 
ort. 


The book is well produced and the diagrams and photo- | 


raphs are of the high quality we have come to expect from 
he publishers. Finally, the cost is very modest—a pleasant 
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feature in these days of very expensive books—and we get 
extremely good value for our money. R. A. SMITH 


Light, colour and vision. By Y. LE GRAND. (London: 
Chapman and Hall Ltd., 1957.) Pp. xiii + 512. Price 
63s. 


This book, a translation from the French and the first British 
edition, had its origin in a course of lectures given by the 
author in 1945 at the Institute of Optics in Paris, and was 
written as a textbook intended for use in the Institute. This 
excellent work has been revised and brought up to date and 
is very ably translated by Dr. J. W. T. Walsh, Col. F. R. W. 
Hunt and Dr. R. W. G. Hunt. 

Professor le Grand, a physicist who has studied the 
physiological aspects of the subject, writes, in a very clear 
and interesting style, from the physicist’s point of view. He 
claims that “the account is definitely a physical one and the 
aim is to give to opticians, to those who construct physical 
apparatus, to illuminating engineers, to architects, etc., as 
much information and as many numerical data as possible 
concerning the response of the eye to radiation.” 

This 500-page book is both a scientific treatise and text- 
book containing at the end some exercises and their solutions. 
It is in two sections, Section A having the sub-title ‘““Experi- 
mental facts” and dealing with the physical and experimental 
approach, whilst Section B, ‘“Theories of vision,” covers the 
elements of anatomy, physiology and psychology necessary 
for an understanding of visual theories. 

Section A comprises 15 chapters dealing with radiant 
energy, sources of radiation, the visual receptor, photometric 
quantities, retinal illumination, luminous efficiency curves, 
the trivariance of vision, the principles of colorimetry, colour 
vision, luminance and colour thresholds, time effects, spatial 
interactions, and anomalies of colour vision. Section B, 
chapters 16 to 20, covers the anatomy, photochemistry and 
electro-physiology of the retina, theories of colour vision and 
the thresholds. In Section A, where brief reference is made 
to colorimeters (pp. 203 to 205), it is disappointing to find the 
description of the Donaldson tristimulus visual colorimeter 
(1935), but no mention of Donaldson’s six stimuli colorimeter 
(1947). With this latter instrument the spectral energy 
distributions of the test source can be much more closely 
matched than with the three stimuli instrument, and, in 
consequence, a large field of view may be used without 
introducing serious observer errors. This ensures a: much 
better accuracy of colour measurement than is possible with 
the small field tristimulus instrument. 

The non-specialist will find this work. refreshingly clear, 
and at the same time forming an invaluable book of reference 
for those more intimately concerned with the subject. The 
terminology used is in accordance with the recommendations 
of the International Commission of Illumination. 

G. T. WINCH 


The reproduction of colour. By R. W. G. Hunt. (London: 
The Fountain Press, 1957.) Pp. 205. Price 63s. 


The outstanding feature of this book is its lucidity. The 
reader is lead through the argument in so clear and logical 
a manner, that he will find no need to pause to resolve a 
difficult point or reconcile a statement with some previous 
one. The author has taken the trouble to do all this for him. 
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Yet this is no simplified guide to colour, but a precise pre- 
sentation of all the difficulties and fundamental concepts 
involved in the physiology, psychology, physics, chemistry 
and technology of colour reproduction. 

The first seven chapters describe the principles of colour 
‘reproduction without serious mathematics. The theory is 
concisely given in chapters 8 and 9, yet includes all the facts 
about colour essential to the subject and its development in 
later chapters on masking, half-tone printing, colour television 
and the assessment of picture quality. Throughout the book 
the emphasis is on how the eye sees colour, and the way in 
which every advantage can be taken of the characteristics of 
vision in deriving the best compromise between the many 
conflicting requirements. 

The book is handsomely produced with a number of colour 
plates illustrating important colour effects. Only one minor 
misprint (a figure number) was detected. R. G. HORNER 


Ferroelectricity in crystals. By HELEN D. MEGAwW. (London: 
Methuen and Co. Ltd., 1957.) Pp. xi+ 220. Price 
27s. 6d. 


Although the subject of ferroelectricity is still very young and 
imperfectly understood, the problem of the structure of 
ferroelectric crystals and of the relation between ferroelectric 
properties and crystal structure has already attracted the 
attention of many workers. A review of existing knowledge 
and an assessment of current theories is therefore timely, and 
Dr. Megaw’s book, or monograph, meets this need admirably. 
It is primarily a very complete account of the properties and, 
more especially, of the crystal structures of ferroelectric 
crystals, but in the later chapters the various theories of 
ferroelectricity are reviewed with particular reference to their 
physical interpretation. Inevitably a large part of the book 
is concerned with crystallographic concepts but an attempt 
has been made to meet the needs of readers without formal 
training in crystal geometry by including descriptive accounts 
where necessary, and also a glossary of crystallographic terms. 

This is not a book for the general reader, but anyone who 
is in any way concerned with ferroelectric materials will find 
it most useful and good value. A. E. DE Barr 


X-ray crystal structure. By D. MCLACHLAN. (New York: 
McGraw-Hill Book Co. Inc.; London: McGraw-Hill 
Publishing Co. Ltd., 1957.) Pp. xiii + 416. Price 116s. 

This book deals with those aspects of symmetry-theory and 
of X-ray diffraction on which the analysis of crystal structures 
is based. It includes, in addition to the topics common to all 
accounts of this subject, up-to-date discussions of such 
important developments as the use of high-speed computers 
in crystallographic research, and the formulation of statistical 
treatments leading to the so-called ‘‘direct methods” of 
analysis. The treatment throughout is that of the experienced 
teacher, able to anticipate a beginner’s difficulties, careful to 
state arguments for and against in considering controversial 
matters, but always enlivening the presentation by making 
clear his own personal preferences or convictions. The 
reviewer finds some difficulty in visualizing the “‘lone worker” 
mentioned by the author, who must depend on a text such 
as this for instruction in the craft of structure-analysis; but 
for such a man the author offers reliable and brisk guidance 
along the main route, while finding opportunity to point the 
way to the more sophisticated refinements signposted ‘‘for 
experts only.”” One complaint—the title: to the reviewer, 
the only merit of this form of words is its brevity. One 
specially commendable feature: the drawings illustrating 
geometrical arguments. W. H. TAyYLor 
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Microwave measurements. By E. L. GinzTton. (New York: 
McGraw-Hill Co. Inc.; London: McGraw-Hill Publish- 
ing Co. Ltd., 1957.) Pp. xvii + 515. Price 90s. 


This latest addition to the well-known International Series 
in pure and applied physics lives up to the high standard of 
previous volumes. The author acknowledges that the 
original plan was to write in collaboration with the late 
W. W. Hansen. 

The volume is intended as a basic textbook for first year 
graduate courses in microwave measurements. It fulfils this 
function more than adequately. In fact, it goes a long way | 
towards providing a very good introduction to the subject 
as a whole, since measurement forms so large a part of the 
whole science. It can be thoroughly recommended to any } 
electronic engineer as an easily assimilated introduction to 
the microwave art. Unlike many textbooks on microwaves, | 
mathematics are kept in their right perspective, and are | 
introduced only to the extent necessary for a good under- | 
standing of the technique. The material is presented with a 
wealth of description and clear diagrams. It is as nearly 
up to date as can be expected of a textbook of this coverage. 

The first chapter deals with signal sources. Magnetrons } 
are hardly mentioned, but klystrons, travelling wave tubes 
and triodes are explained very fully. Their characteristics, 
methods of turning and conditions of operation are described. | 
Frequency standards, harmonic and noise generators are also | 
covered and, finally, there is a short discussion of sources for | 
wavelengths below the limit obtainable from electron beam 
tubes. Chapters 2 and 3 deal very adequately with the 
detection and measurement of microwave power. Chapter 4 
is a very clear and welcome discussion on the concept of | 
impedance at microwave frequencies. This is followed by a 
chapter on the measurement of impedance. Chapter 6 
discusses the microwave circuit and, as in other chapters, the | 
connexion between microwave circuit parameters and normal | 
circuit parameters is freely used to present a clear under- 
standing of the concepts. The following Chapters 7-11 
deal with the measurement of wavelength, frequency, QO, 
R,/Qo and attenuation. Two appendices give useful data on 
field configurations and cut-off wavelengths for common 
wave-guides (/), and a series of useful formulae and constants 
(1). 

In this very wide field, where security difficulties are 
encountered, some omissions are inevitable but this is a 
book written for teaching purposes. Technically, rather than 
scientifically, it provides an excellent grounding in the subject 
of microwave measurements. M. E. HAINE 


Evolution des sciences. No. 9. L’Automatique des informa- 
tions. By F. H. RAyMonb. (Paris: Masson et Cie, 
1957.) Pp. 188. Price 1,600 fr. 


The presentation in this book is at a level which aims to 
make it understandable to scientific workers who are not 
specialists in the field and, so far as a foreigner is able to 
judge, the style of writing is clear. 

The first chapter is concerned with defining “information” 
and the notions which are involved in operating with it. It 
contains a short history of digital calculators and of the 
punched card, and leads naturally to the second chapter 
which deals with analogue and digital representations of 
numbers. The third chapter discusses analogue computers 
and the role of feedback. 

The remaining five chapters describe: digital coding systems, 
Boolean algebra and switching circuits, the definition of 
universality in a computer, the detailed structure of such 
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‘omputers, and programming, respectively. A short con- 
lusion points out the fallacy of comparing computers to the 
juman brain. 

Price and language will give the book limited appeal to 
nost British physicists. A. D. BootH 


‘eedback theory and its applications. By P. H. HAMMonD. 
(London: The English Universities Press Ltd., 1958.) 
Pp. 348. Price 35s. 


Chis work is intended for post-graduate engineering and 
»hysics students but there is little doubt that many parts of 
t are suitable for undergraduate engineers at universities. 
{he book could have been made even better for the latter 
durpose if it had included a lengthier treatment of mechanical 
ystems and analogues, although a speed governor is treated 
it the very beginning of the book as an example of a non- 
inear element and incidental mention is made here and 
here of other mechanical analogues (on page 190, for 
mstance, where a mechanical transitional lead system is 
treated). In this connexion, chapter 13, on electronic simu- 
ation of control systems, is especially valuable. This 
‘elatively trivial criticism, however, should not be allowed to 
Jetract from the book’s value. 

The diagrams are unusually well drawn and the literary 
style is clear and concise. There are detailed chapters on 
dasic concepts and notation, the feedback principle, stability 
of linear feedback structures and graphical methods of 
‘epresenting the frequency response function. Chapters 
‘ollow on various valve amplifier circuits (cathode followers, 
>tc.) and on virtual earth amplifiers. Servo mechanisms are 
then treated in another group of chapters in which many 
natters such as the frequency response, non-linearities, etc., 
ire fully discussed. Finally, there is the above mentioned 
chapter on electronic simulators. J. D. CraGcs 


Regelungstechnik. Moderne Theorien und ihre Verwendbarkeit. 
(Munchen: R. Oldenbourg Verlag g.m.b.h., 1957.) 
Pp. xiii + 483. Price DM. 88. 


[his is essentially a record of the symposium on feedback 
sontrol held at Heidelberg in 1956, with the primary aim of 
‘ealizing closer correlation between the theory and practice 
of automatic control systems. Some 90 papers are presented, 
nany by authors of eminence in the fields of control and 
sybernetics, and are grouped under thirteen headings com- 
nencing with general survey papers and techniques. Linear 
ystems, both single and multiple loop, are then considered 
ollowed by sections on non-linear and discontinuous controls, 
statistical methods, and optimization of performance. These 
atter three sections, which account for nearly half the book’s 
contents, are likely to constitute its chief attraction to 
specialist control engineers. The papers in these sections 
ire of a uniformly high standard, of wide general applicability, 
ind in many of them the methods described are illustrated 
xy design applications. On the other hand, the papers 
jealing with linear theory and the survey papers, whilst 
overing a wide field, contain little that is essentially new. 
Shorter applications sections deal with the use of analogue 
omputers in servo-system design, steam power plant control, 
notor drives and industrial controls. Only one contribution 
pproaches the problem of controlled automation of pro- 
juction lines, and it is disappointing to find nothing at all 
ym the important non-linear case of nuclear reactor control. 
\ welcome feature, however, is the use of control system 
heory to analyse some purely mechanical problems, such as 
liesel engine governing. 
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The compilation of the book suffers from the disadvantage 
common to nearly all such publications: the subject-matter 
is predetermined. This leads to a certain lack of continuity 
and an absence of impartial comparison of one system or 
technique against another. The multi-lingual presentation 
does not help: whilst some papers are presented in English, 
Russian or French, the major portion of the work is in Ger- 
man. Discussion records, particularly, are almost exclusively 
in German even when the original paper is in another lan- 
guage, and Russian contributions are repeated in German. A 
commendable uniformity in diagram presentation has been 
achieved throughout the volume: symbolism is less con- 
sistent. There are a number of printing errors; all those 
noted are unimportant. 

This is a useful book for the specialist concerned with the 
more advanced techniques for control system synthesis and 
analysis and having a working knowledge of German. 

D. ALLENDEN 


The ultra high frequency performance of receiving valves. By 
W. E. BENHAM and I. A. Harris. (London: Macdonald 
and Co. Ltd., 1957.)- Pp. ix + 173. Price 28s. 


This work is concerned with the fundamental properties of 
thermionic receiving valves which arise (especially at high 
frequencies) from the fact that electrons have charge and 
mass, and therefore exhibit effects due to their finite transit 
times in moving between electrodes. One of the authors has 
studied these questions with great singleness of purpose, for 
at least thirty years, and may indeed be considered to have 
initiated the problems and recognized their importance. The 
treatment is largely mathematical, but although not. abstruse 
in its nature it demands close attention from the reader, but 
this is indeed inseparable from an acceptable development of 
the subject. A valuable feature is the graphs of various 
transit angle functions which are given, and the representation 
of a valve as a two-terminal pair circuit element in Chapter 
VII. 

The number of misprints is commendably small. Eq. 4.5 
should have an index 3/2 for V,, but this could be inferred 
from 3.31 to which immediate allusion is made. 

S. RODDA 


Industrial electronics circuits. By R. KRETZMANN. (Eind- 
hoven: Philips Technical Library; London: Cleaver- 
Hume Press, Ltd., 1957.) Pp. viii + 194. Price 35s. 


This is a sequel and companion book to the author’s Jndustrial 
electronics handbook, published by the Philips Technical 
Library. The book is divided into six sections dealing with: 
photoelectrically controlled apparatus; counting circuits; 
stabilizing circuits; contact and control devices; oscillator 
and amplifier circuits; rectifier and motor control circuits. 

It is stated that the majority of the circuits, almost 200 in 
number, have been developed in the laboratory, and that 
some of the tubes and components are not necessarily 
available now. The book is not to be regarded as an exposi- 
tion of the subject, although the individual items are clearly 
described and will be valuable to many investigators. 

S. RoDDA 


Piezoelectricity. Post Office Research Station: Selected 
engineering reports. (London: Her Majesty’s Stationery 
Office, 1957.) Pp. x + 369. Price 75s. 


The publication in book form of a number of reports from 
the Post Office Research Station is a new venture which is 
to be applauded. In this book, eleven reports dealing with 
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a range of topics on piezoelectric crystals have been collected 
together and, although the result cannot be considered to be 
a textbook on the subject, it does cover a very wide field. 
The first five reports, dealing with piezoelectric theory and 
vibrations in crystals, are of value to any worker in this field 
and should be of interest to those working in the more 
general sphere of crystal physics. 

The remaining works are of a more specialized nature 
dealing largely with the results of a comprehensive study of 
the ‘properties of a number of artificially-grown water- 
soluble piezoelectric crystals. With the advent of more 
recent techniques it now appears unlikely that these materials 
will find extensive use commercially in frequency selective 
networks or electromechanical transducers. This does not, 
however, detract from the wealth of information to be found 
in these chapters nor does it reduce their value as an example 
of the study of the tensor properties of new materials. 

The final report is a summary of published data on piezo- 
electric materials up to 1952 and includes a complete biblio- 
graphy of original references. 

Although somewhat marred by the lack of an index, this 
book will find its maximum use as a work of reference. It 
is hoped that other Government establishments can be 
prevailed upon to publish reports of work which would 
otherwise be lost to the scientific world outside these circles. 

C. S. BROWN 


Fundamental principles of transistors. By J. EvANs. (London: 
Heywood and Co. Ltd., 1957.) Pp. xii+ 255. Price 45s. 
This book is intended for users of transistors who wish to 
gain an intelligent insight into the physical principles of these 
devices. It starts from first principles and attempts in a 
chapter of 33 pages to convey to the uninitiated reader such 
notions of the quantum-mechanical theory of solids as the 
energy gap, holes, mobility, etc. The treatment in this and 
the subsequent chapters is thoroughly down-to-earth and the 
author consistently avoids complicated mathematics stating 
without proof most of the relations involved in the theory. 
This, for all its limitations, is the only possible way of dealing 
with this type of problem. The next chapter gives a brief 
account of measurements on semiconductors and should be 
very helpful to the beginner. The theory and methods of 
preparation of p—n junctions are the subjects of the next two 
chapters, and are followed by a discussion of junction and 
point-contact transistors of which the latter, a notoriously 
difficult subject, is not very clear in places. Measurements 
of transistor parameters, principles of manufacture of 
transistors, description of some special types and a brief but 
useful reference to silicon and other transistor materials 
complete the book. There are three appendices, one an 
original suggestion on the teaching of transistor physics and 
another a useful review of some commercial transistor data. 
One’s impression is that the author has given much 
attention to the didactic aspects of the book with, on the 
whole, good results. Minor criticisms are a few omissions in 
figure captions e.g. Fig. 45, p. 129, and scant references to 
most recent review articles. A. K. JONSCHER 


Fundamentals of electron devices. By K. R. SPANGENBERG. 
(New York: McGraw-Hill Book Co. Inc.; London: 
McGraw-Hill Publishing Co. Ltd., 1957.) Pp. xii + 505. 
Brice 5s: 

The author of this work, who is Professor of Engineering at 

Stamford University, is also the author of a very well-known 

and successful book on yacuum tubes. The volume under 

review contains chapters on the historical development of 
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the subject, electrons and ions, electric and magnetic fields, 
and on ion emission in a vacuum in which various simple 
forms of field configuration are treated. Then follows 
chapter on atoms of some 24 pages in which the Bohr theory: 
and wave mechanics are briefly described at an elementary 
level. The next group of chapters deals with basic ideas of 
energy bands in solids, junction effects and electron emission, 
and forms with the relevant appendices a very good intro- 
duction to the electrical properties of solids. The next 
chapters cover thermionic vacuum tubes, starting with, 
vacuum and semi-conductor diodes, control type vacuum| 
tubes and transistors; then a chapter on equivalent circuits 
of tubes and transistors leads logically to treatments of small 
signal amplifiers, small signal oscillators, small signal non-| 
linear effects in electron devices, large signal application of. 
electron devices, photo-emission tubes, etc., and finally there | 
is a chapter on noise. There are many useful appendices | 
dealing mainly with mathematical formulae relating to, for | 
example, Fermi—Dirac statistics, etc., a good collection of | 
problems and a valuable bibliography in which the references | 
are expressed rather curiously. The system is fully explained | 
(p. 485) but results, for example, in Hume-Rothery’s well- | 
known book being designated as Hud and in Moullin’s | 
“Spontaneous fluctuations” appearing as Mom. | 

The book can be thoroughly recommended, particularly | 
for electrical engineers taking electronics, and there is no 
doubt that many physics schools would find it suitable reading. 

J. D. CRAGGS 


Analog computer techniques. By C. L. JOHNSON. (New 
York: McGraw-Hill Book Co. Inc.; London: McGraw- 
Hill Publishing Co. Ltd., 1957.) Pp. xi + 264. Price 
45s. 


In its first chapter, this book attempts a general approach 
to the subject of analogue computers. Unfortunately the 
breadth of view of the author, who is an instructor at the 
U.S. Air Force Institute of Technology, does not appear 
entirely equal to his self-imposed task. In his initial classi- 
fication of computing equipment his treatment of the subject 
of digital computers shows him to have little appreciation of 
their capabilities. Furthermore, he writes as though there 
are “general purpose” analogue computers of comparable 
flexibility to digital computers (which is not true) and thus 
his subsequent discussions of the use of such analogue 
devices lacks a sound basis. The chapters on circuitry are 
easy to follow, and form an adequate introduction to the 
subject. The mathematical analysis, however, leaves much 
to be desired. For instance, an account is given of the 
solution of partial differential equations by difference replace- 
ment without any mention being made of the mathematical 
as opposed to electronic stability of the processes suggested. 
Despite a lengthy discussion in Chapter 3 on the choice of 
time scales, the critical relation between 61 and (dr)? for the 
diffusion equation for instance [see e.g. Courant, Friedrichs 
and Lewy, Math. Annalen, 100, pp. 32-74 (1928)] finds no 
place in the text. Yet it would seem essential, in practice, 
to be able to distinguish between instability due to the 
process used and that due to circuit design. 
A. S. DOUGLAS 


Grundprobleme der mathematischen theorie elektromag- 


netischer schwingungen. By C. Mutter. (Berlin: 
Springer-Verlag, 1957.) Pp. viii + 344. Price DM. 
52.80. 


The development of the fundamental existence and unique- 
ness theorems for the wave equation has lagged behind the 
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olution of the similar problems for other of the important 
ifferential equations of mathematical physics, primarily 
vecause of the difficulty of formulating a suitable boundary 
ondition at infinity. Already at the end of the last century 
ommerfeld recognized, in connexion with acoustic waves, 
hat the uniqueness of the solution depended on the condition 
f outward energy flow at infinity. 

The complete evaluation of this condition had, however, 

0 await developments in the theory of integral equations, 
near transformations, etc., and it is only quite recently that 
hese problems have been satisfactorily solved for the 
quations of electromagnetic waves. 
_ The present book, which is Vol. 88 of the Mathematischen 
vissenschaften, is a series of essays on mathematical topics 
‘eld together by their relevance to the basic problems just 
aentioned, which forms the central theme of the book. For 
hose interested in the mathematics of electrical waves it will 
ve indispensable, but it is not for those who merely want 
olutions to particular problems. A. W. GILLIES 


Seometric integration theory. By H. WuitNEy. (London: 
Oxford University Press, 1957.) Pp. xv + 387. Price 
68s. 


Ine of the Princeton mathematical series, this book is 
‘oncerned with integration over an r-dimensional manifold 
Vf in n-space E” and in particular on the dependence of the 
ntegral on the position of M in E”. In three parts, the first, 
classical theory, leads up to the theory of the Riemann 
ntegral. The second develops the general theory from a 
yostulational approach and the general study is continued in 
he last part, using Lebesgue theory. The approach is very 
‘bstract in character, being concerned with the rigorous 
oundation of the theory. 

- The majority of physicists will find the language of vector 
paces and algebraic topology in which it is written quite 
infamiliar and will be content to leave this book for the 
jure mathematicians. For the latter who are specially con- 
erned with abstract integration theory, this book will be of 
onsiderable interest. It is well produced and maintains the 
igh standard of this series. A. W. GILLIES 


“he physics of clouds. By B. J. Mason. (London: Oxford 
University Press, 1957.) Pp. xx + 481. Price 70s. 


Vater is essential for life, and the peoples of the world have 
‘een interested in rain-making throughout the ages. During 
he last decade or so, science has replaced magic in this field, 
nd Langmuir claimed that, by seeding clouds with pellets 
f solid carbon dioxide, or with silver iodide, the natural 
ainfall in an area could be increased. However, the magic 
ingered on, and unscrupulous “‘rain-makers” in the United 
itates were not slow to exploit the commercial possibilities 
if weather control! 
British meteorologists, on the other hand, have felt that 
arge-scale cloud-seeding trials were premature, expensive and 
ery difficult to evaluate. They have taken the view that a 
etter approach to the problem is to study the fundamental 
Ihysics of clouds and precipitation, and try to find out just 
yhy rain falls from natural clouds, and how electricity is 
enerated in thunderstorms. Dr. B. J. Mason has played a 
sading part in this work, and in the volume under review 
e has given a comprehensive account of the present state 
f the subject. 

The book opens with an introduction by F. H. Ludlam on 
he large-scale physics of clouds, describing the principal 
lasses of clouds and their modes of formation. This is a 
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useful background to the main text which is concerned with 
the micro-physics of clouds. The first two chapters discuss 
atmospheric nuclei and the condensation of water vapour. 
Subsequent chapters deal with droplet growth; the formation 
of ice and snow crystals; natural precipitation processes; 
artificial stimulation of precipitation; and radar studies of 
clouds. Finally the electrification of clouds is discussed; this 
is usually treated as the separate subject of atmospheric 
electricity, but the author feels with some justification that it 
should be regarded as a part of cloud physics. A combined 
bibliography and author index is appended. 

The book is beautifully produced in keeping with the high 
standard we have come to expect from the Oxford University 
Press. It gives an up-to-date and well-balanced review of 
recent researches in cloud physics and can be thoroughly 
recommended to research workers and others interested in 
this fascinating subject. J. S. FORREST 


Rectifying semi-conductor contacts. By H. K. HEenIscu. 
(Oxford: The Clarendon Press; London: Oxford 
University Press, 1957.) Pp. xii+ 372. Price 70s. 


This book is an addition to the well-established International 
Series of Monographs on Physics. According to the preface 
it ‘‘is intended mainly for physicists who require a specialized 
knowledge of semi-conductor contacts and related surface 
phenomena. The introductory chapters are included so as 
to make the volume self-contained for the reader not 
previously engaged in research on solid state physics.” The 
book is not, however, really self-contained, for parts of these 
early chapters are not sufficiently clear or full for a physicist 
who has little acquaintance with present-day views and 
concepts. For example, for him the discussion on page 32 
of positive holes would need considerable amplification. 
But these early chapters do contain some very good points. 
which will be appreciated by those entering research, and 
they include a very interesting summary of the early history 
of work on rectifying contacts. A helpful feature is the 
frequent distinction between equilibrium and non-equilibrium 
conditions. 

There are three mainly descriptive chapters on the bulk 
properties of important semi-conductors (Ge, Si, PbS, Se, 
Cu,O), and the structure and characteristics of plate and 
point-contact rectifiers. These chapters are particularly well 
documented. It is evident that the manufacture of some 
efficient commercial type of rectifier is still to a large extent 
a culinary art in spite of all the work summarized in this 
book of 372 pages. The next chapter is concerned with the 
rectifier as a capacitive circuit element, and the experimental 
methods of determining the relevant parameters. There 
follow three chapters on theories of rectification and of the 
special phenomena at the contacts. Transistor action is 
outside the scope of the book. Chapters X and XI describe 
recent experimental work on injecting contacts and on plate 
rectifiers, and their interpretation in the light of the theories 
previously discussed. Throughout, Dr. Henisch naturally 
draws on the accumulated experience of the Reading 
University Group of which he is a senior member. 

This is not a book for beginners, but it brings together a 
very large amount of information. All workers in the field 
will be grateful to the author for his industry in collecting all 
the material presented. There is a very full bibliography, and 
a convenient list of symbols. The book is well illustrated, 
though a few diagrams contain too much information for 
real clarity. At the rate at which papers in the field are 
being published it will be a difficult task to revise the book 
from time to time but we hope that Dr. Henisch’s energy will 
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continue to be sufficiently above the Fermi level for him to 
attempt it. F. A. VICK 


Grain boundaries in metals. D. McLean. (Oxford: Claren- 
don Press; London: Oxford University Press, 1957.) 
Pp. 346. Price 50s. 


This book is a further addition to the series of ““Monographs 
on the physics and chemistry of metals.” In it the author 
gives a full and up-to-date account of our present knowledge 
of the structure and functions of grain boundaries in metals, 
both from an experimental and theoretical viewpoint. The 
subject-matter includes such topics as the energy of a grain 
boundary, solute concentrations in boundaries, their influence 
on the deformation processes in polycrystalline metals, and 
the diffusion along and migration of boundaries. The book 
is, therefore, of paramount interest to a physical metallurgist, 
but much of it will also be of interest to any applied scientist 
working with non-metallic polycrystalline materials. 

There is little that the author has either omitted or requires 
correction. Occasionally, however, there are slight mis- 
statements due to the author having a particular example in 
mind when making a general statement. One example of 
this type of error occurs on page 152 where the author 
states that in hexagonal-close-packed metals, easy slip occurs 
only on one plane. Here he is thinking of metals such as 
zinc, cadmium and magnesium, but in fact there are many 
hexagonal-close-packed metals in which the basal plane is 
not the predominant slip plane and which do not work- 
harden rapidly (e.g. titanium and zirconium). Such faults as 
these are, it must be emphasized, rare in the book, and the 
author must be complimented on the excellence of his com- 
pilation of a large body of knowledge. It will be of great 
value for metallurgists to whom it is heartily recommended 
by the reviewer. A. D. MCQUILLAN 


Neutron cross sections. By D. J. HuGuHes. (London: 
Pergamon Press Ltd., 1957.) Pp. 192. Price 30s. 


Dr. Hughes’s purpose in writing this book is to assist those 
who require neutron cross-sections in their work to make the 
best use of existing tables of experimental values. The most 
comprehensive collection of neutron cross-sections is BNL 
325* with which Dr. Hughes has been associated but for 
those who are unfamiliar with methods of measurement in 
neutron physics this book will certainly be very useful. All 
of the cross-sections are clearly defined and the point is well 
made that most neutron cross-sections are defined by the 
method used to measure them. The book is likely to fulfil 
its primary aim very well and is an excellent addition to the 
International Series of Monographs on Nuclear Energy. It 
will also be useful to research students entering the field of 
neutron physics as the elements of the relevant current 
nuclear theory are well presented. I feel it will, however, be 
regrettable if this book discourages the eventual appearance 
of a more advanced and comprehensive treatment. 
A. WARD 


* HuGuHes, D. J., and HArvey, J. H. Neutron cross sections. 
U.S.A.E.C. (London: McGraw-Hill Book Co. Ltd., 1955). 


Electron impact phenomena and the properties of gaseous ions. 
By F. H. Fretp and J. L. FRANKLIN. (New York: 
Academic Press Inc.; London: Academic Books Ltd., 
1957.) Pp. ix + 349. Price 68s. 


This book is the first of a new series of monographs on pure 
and applied physics to be published under the editorship of 
Professor Massey. It is written by two industrial scientists 
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with experience in the applications of mass spectrometry to 
oil refining studies and problems, and with commendable lack 
of attention to strictly practical matters. It is easily the 
most comprehensive and up-to-date account of the measure- 
ment, interpretation and use of ionization potentials, and 
there is a table, some 74 pages long, on critical potentials 
(“appearance potentials’ to the mass spectroscopist) for 
positive and negative ions combined with an equally valuable 
list of 534 references. Atomic and molecular cross-sections | 
for collision processes are practically ignored, but this is a 
legitimate and understandable limitation and does not | 
detract from the value of the book. 

The study of electronic and ionic impact phenomena has | 
an interesting history, for in the °20’s and early °30’s the 
subject was fairly new and exciting, but gradually became 
less fashionable and almost died out before the last war. In 
the last ten years there has been (for old practitioners) a 
satisfying revival of interest of which the present scholarly 
work is another welcome sign. The book will be invaluable 
in every laboratory working on gaseous collision processes 
and discharges. 

There are chapters on apparatus, methods, on the general | 
theory of molecular ionization and dissociation, on energy | 
relations in collision processes, on mass spectral considera- | 
tions and on implications for chemical reactions. 

J. D. CRAGGs 


Chemistry of the rare radioelements. By K. W. BAGNALL. 
(London: Butterworth’s Scientific Publications, 1957.) 
PPX We eerice.50ss 


This excellent monograph makes a welcome addition to the 
small number of modern textbooks on the naturally occur- 
ring radioelements. During the last few years, Dr. Bagnall 
has made notable advances in the chemistry of polonium: 
the chapters devoted to this element include a very substantial 
proportion of original material, as well as a valuable summary 
of earlier work, a detailed description of the laboratory and 
its equipment, and a comprehensive bibliography. The 
sections on astatine, radon, francium, radium and actinium | 
provide a critical review of published work. 

L. C. MYERSCOUGH  _ 


Fundamentals of optics. 3rd ed. By F. A. JENKINS and 
H. E. Wuite. (London: McGraw-Hill Publishing Co. | 
Ltd., 1957.) Pp. vi+ 637. Price 64s. | 

| 


Earlier editions of this book were well received. Its strength | 
lies still in the section on physical optics, which offers a_ 
clear presentation of the subject at undergraduate level, and 
which occupies two-thirds of the space. The sections on 
geometrical optics and quantum optics, by the addition of 
which the second edition differed from the first, have been 
retained in the third edition. The extensive minor changes 
comprise improvements in presentation and a discussion of — 
topics which are fields of contemporary activity. An entirely 
new set of problems is included. Particularly welcome are 
the references to more detailed treatments of subjects where 
the authors have felt obliged to be superficial. 
G. W. SERIES 


Theoretical physics. 3rd ed. By G. Joos, with the collabora- 
tion of IRA M. FREEMAN. (London: Blackie and Son 
Ltd., 1958.) Pp. xxiii + 885. Price 70s. 


As our knowledge of the physical world expands, books such 
as the one under review, which seek to bring the student to 
“an intermediate level of attainment” from which he may 
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roceed to his field of research, tend to increase in size. It 
3 a matter for regret that a greater depth of understanding 
roduces only rarely more concise treatments. This would 
ppear to be possible in principle by a skilful use of carefully 
elected and simple examples, which introduce new points of 
aterest, while illuminating the central theme. 
_In this new edition Professor Joos has not followed this 
ourse. Instead, in pursuance of the general trend, the book 
‘as been increased in size by 32 pages, and in cost by 20s. 
‘o describe this as an additional 7d. per additional page 
vould, however, be less than just, if only because this edition 
icludes a very good revised and slightly expanded chapter 
n nuclear physics. The discovery of the neutrino (but not 
ne problem of parity conservation) has already found a 
nention in this chapter. Apart from this, the type as set up 
or the second ‘edition has been largely used again for this 
‘ew edition. 
The additional material includes five pages on the macro- 
ee theory of superconductivity, which seem to be exactly 
ight for this type of book. There are three new and 
astructive pages on the part played by lattice defects. 
fowever, the opportunity of inviting the student, by way of 
xample, to estimate the activation energy or orbital radius 
‘f ground or excited levels of a simple defect, by applying the 
neory of the hydrogen atom (expounded thirty pages earlier) 
a this slightly changed context, was unfortunately missed. 
‘wo interesting pages on chain molecules have also been 
dded. The two remaining additions, three pages on matrices 
ind one page on muscular action, may perhaps be regarded 
3 of marginal value. 

Faced by a new edition of a well-tried and highly successful 
»xt, such as this, a reviewer may well shrink from his tradi- 
\onal task of making known his personal wishes for a future 
dition. However, the student would probably welcome a 
‘rief account, possibly in tabular form, of the main properties 
if the elementary particles. Finally, in connexion with the 
second law of thermodynamics, it is often said that the 
atropy of an isolated system cannot decrease, and Professor 
‘Dos’s statement to this effect has also persisted through the 
arious editions. Yet a much stronger statement can be 
nade by requiring the system to be merely adiabatically 
‘olated. By moving parts of the enclosure, by mechanically 
\perating partitions or levers from outside the enclosure, try 
5 one may, the entropy of a thermodynamic system can still 
‘ot be decreased. This point may be worth incorporating. 
|The text is lucid and comprehensive, and that it fulfils a 
sal need is amply vouched for by the bare fact that it has 
‘een reprinted almost every year since 1940. 

\ P. T. LANDSBERG 


| 
il 
Ny 
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‘hermodynamics of one-component systems. By W. N. 
Lacey and B. H. Sacer. (New York: Academic Press 
- Inc.; London: Academic Books Ltd., 1957.) Pp. xi + 
376. Price 64s. 
‘he book is an example of the changing philosophical out- 
yok in science. The choice of fundamental or undefined 
‘uantities is said to be arbitrary; and length, time, force and 
smperature are chosen for conventional reasons. The 
‘icture of system, boundary and surroundings—so necessary 
) an understanding of thermodynamics—is very clearly 
ven; and an interesting feature is the account of the effect 
‘f friction furnished by giving certain properties to the 
/oundary. 
f Part I is concerned with the system for its own sake; and 
art II is concerned more with specifically engineering 
roblems where work on the surroundings is obtained from 
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the system. Turbines, steam engines, refrigerators, com- 
pressors and liquifiers are dealt with at a standard equal to 
that of a special degree in engineering. The approach by 
dealing with a steady flow of the working material through 
tubes is to be commended. 

There is a unity about the book as a whole and a remarkable 
clarity of expression. However, a more adequate description 
of one or two of the machines, as, for instance, the turbine, 
might have been an asset. The authors leave out all reference 
to history, in the course of which it is seen how the concepts 
are created. This would have been the best way to show a 
present-day student why these concepts are arbitrary and 
why it is legitimate to choose the fundamentals in an arbitrary 
way. There are also no accounts of the classical experiments. 
Although these omissions limit the scope of the book, the 
authors are wise in making them, for their insertion would 
only lead to confusion. 

The book is to be commended as a sound and clear logical 
exposition of its intended theme of helping science students 
to deal with the combination of thermodynamics and 
mechanics necessary for engineers. F. I. WRIGHT 


Servomecanismes: Theorie et technologie. By M. BOoNAmy. 
(Paris: Masson et Cie, Editeurs, 1957.) Pp. 284. Price 
4200 fr. 


There are two distinct parts to this volume, the first, con- 
sisting of three chapters, on general definitions and the 
influence of negative feedback on the fidelity of response; 
methods of analysing linear servo-mechanisms including 
some linear differential equation theory, Laplace trans- 
formation, and stability criteria; and on non-linear servo- 
mechanisms. This part is entirely theoretical but the various 
sections end with notes on practical potentialities. 

The second part of the book is divided into two sections: 
electrical and hydraulic. The first contains three chapters 
which describe practical devices for control systems under 
the general headings: measurement, comparison and power 
amplification; whilst the second section contains much 
practical information on hydraulic relays, pumps and 
motors. 

Presentation is clear and production good but this book 
appears to contain no information which cannot be obtained 
in works already available in English (or American!). 

A. D. BooTH 


Comprehensive inorganic chemistry. Vol. 6: The alkali 
metals. By J. F. SuTTLE, and Hydrogen and its isotopes. 
By R. C. BrAsteD. Edited by M. Cannon Sneed and 
R. C. Brasted. (London: D. Van Nostrand Co. Ltd., 
1957.) Pp. viti + 234. Price 45s. 


This series, to be completed in eleven volumes, is a reference 
work offered “‘to those engaged in chemical manufacture and 
development and to those in advanced studies in chemistry in 
institutions of higher learning.”” The volume under review 
contains an enormous amount of information, much of it in 
tabular and graphical form, many of the graphs being par- 
ticularly valuable in that they reproduce the original experi- 
mental points and thus give the reader an opportunity to 
form a judgement about the reliability of the work. This 
mass of information is supported by references. equally 
impressive for their number and variety; the reader who has 
been alerted by various obyious misprints may perhaps like 
to be assured that there really is a reputable scientific 
periodical called Foote Prints. Physicists will find much 
valuable information in the book, although its coverage of 
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chemical physics, structural chemistry and crystallography is 
slight. It is at its best on material which can be presented in 
tabular or graphical form—solubilities, phase relationships, 
numerical values of physical constants and the like—and is 
often disappointing in the more general discussion of chemical 
properties. Since the chemistry of the salts of the alkali 
metals is largely the chemistry of their anions, criticism ought 
perhaps to be restrained until all the relevant volumes of the 
series have appeared, but it is nevertheless disappointing to 
find (for example) that such an important substance as 
lithium aluminium hydride, which would receive at least half 
a dozen references in a modern textbook of organic chemistry, 
is dismissed in one short sentence. 

The greatest fault of the book is its bad English. Authors 
endeavouring to convey to readers a large amount of informa- 
tion in a small space can succeed only by unremitting attention 
to their language, and it is only too obvious that in this book 
the authors have written many a sentence without stopping 
to think about its impact on the reader. The vagueness of 
“Many metals show the property of adsorbing hydrogen. 
The adsorption by most metals is not pronounced” is merely 
space-wasting and irritating, and sometimes when an author 
writes nonsense, as ‘“The ionic radii are also equal to the 
interionic distances in ionic crystals,” the informed reader 
can guess what he is trying to say, but what is one to make 
of “The selection of a constant was made as a result of 
several values in the vicinity of the selected value’? It is a 
great pity that an otherwise good book should have been 
spoiled in this way. Be GCox 


Atomic energy in medicine. By K. E. HALNAN. (London: 
Butterworth’s Scientific Publications, 1957.) Pp. ix + 
[S/eaoericevhs 


Dr. Halnan’s book is offered as an elementary account of the 
clinical uses of radioactive isotopes, the fundamentals of 
radiobiology and the treatment of cancer by high-energy 
radiations; it is intended for persons with little knowledge of 
physics or medicine. For all its faults, mistakes and mis- 
conceptions it contains a deal of interesting information on 
these topics. As a work of science it falls below the high 
standard displayed by other books from the same publisher. 
For example, Fig. 3 shows «- and f-rays from a radium 
source undergoing equal and opposite deflexions in the plane 
of a magnetic field between two objects labelled positive 
magnetic pole and negative magnetic pole; the caption describes 
how the rays are split up by an electromagnetic field and the 
accompanying text attributes their deflexion to an electrical 
field. The same paragraph tells us, concerning X-rays: 
“Roentgen soon discovered, in 1895, that they were waves 
(like light or radio waves). Readers may be puzzled to see 
on p. 134 that “Cancer is still an uncommon disease (less 
than 20% of all deaths)’’ and, on p. 142, that ““Cancer and 
heart disease are two of the major causes of death, especially 
of the young and middle-aged people expected to be still 
hard at work.” J. M. A. LENIHAN 


Erzeugung sehr tiefer temperaturen. By H. HAusEN. (Berlin: 
Springer-Verlag, 1957.) Pp. xii+ 412. Price DM. 72. 


This is one of the volumes in a series entitled: Handbuch der 
kaltetechnik, edited by Rudolf Plank. It deals in a compre- 
hensive manner with the attainment of low temperatures, 
gas liquefaction, separation of gas mixtures and applications 
of gases in the liquid states. The author is a well-known 
authority in this field. 

An indication of the contents may be formed by the 
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following statement of some of the topics ‘discussed theory 
of liquefaction; thermodynamics; practical methods of gas 
liquefaction; separation of gas mixtures; theory of heat 
transmission; industrial practice; dehumidification; con- 
struction of low temperature equipment; working results and 
costs; properties of materials at very low temperatures; and 
application of liquefied gases. 

Good descriptions are given of plants for very low 
temperatures such as the Kapitza, the Meissner and the 
Collins machines for the production of liquid helium. 

Broadly the topics dealt with are those which come within 
the scope of the Low shoorpesnete Group of the Phys 
Society. 

The volume contains 307 
diagrams are excellent. 

Many would welcome an English translation. 

EZER GRIFFITHS 


illustrations and hes line 


The science of engineering materials. Edited by J. E. GoLp- 
MAN. (New York: John Wiley and Sons, Inc., London: 
Chapman and Hall Ltd., 1957.) Pp. xv + 528 Price 
96s. | 


This book can be recommended to every practising physicist, 
and could usefully be read by every student of physics. It 
attempts to answer the question ““Why do materials behave 
as they do?” by applying the basic principles of solid-state 
physics to the explanation of the properties of materials. 
The treatment is almost wholly descriptive, with many well- 
chosen and well-drawn diagrams, and each article is an 
authoritative account, by an expert in that field, of the 
present state of knowledge of the physical reasons for “4 
properties of some class of materials. 

The materials considered include metals, magnetic, dicleethe | 
and semiconducting materials, high polymers, glass and 
cement, so that the book covers most of the materials used in 
engineering practice. Dislocation theory, and the various 
aspects of crystal imperfections are discussed in some detail, 
as also are the theories of semiconductors and of semi- 
conductor devices, but throughout the book the emphasis is 
on the relation of these theories to the properties of materials 
as used in practice. 

The book could appropriately be used for general reading 
as it forms a very readable account of current ideas on the 
properties of materials. But it could equally well be used as 
a textbook of applied physics for students specializing in 
solid-state physics, or as a supplement to the usual under- 
graduate course in properties of matter. A. E. DE BARR 


Electrostatics in the petroleum industry. 
KLINKENBERG and J. L. VAN DER MINNE. 
Elsevier Publishing Co.; London: Cleaver-Hume Press 
Ltd., 1958.) Pp. 191. Price 40s. 


This, so far as the reviewer is aware, is one of the first full- 
length books on the subject of “‘static” that has appeared in 
the English language. It deals, however, exclusively with 
one branch of the subject—that concerned with the separation 
of charge when a liquid of low electrical conductivity is dis- 
turbed in contact with other matter, and its relation to safety 
in the oil industry. This it does extremely well, with a 
precision and clarity that contrast strongly with that of most 
literature on “static” to be found in industrial journals. 
Indeed, the reviewer finds this book hard to fault. 

After an introductory section of four chapters which, in 
effect, summarize the whole book (a novel scheme, but 
admirable where appropriate), and a further chapter ex- 
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pounding some of the elementary physics to be employed, 
the mechanism of charge separation at the interface between 
dils and other substances is discussed, followed by a con- 
sideration of the relevant properties of oils and how they are 
measured. Finally the results of large-scale tests are described 
with special reference to the effects of ionic impurities— 
qatural or otherwise. These, we learn, are at once the nigger 
n the wood pile and the saving grace—nigger if present in 
ninute amounts, grace if slightly more plentiful. 

The editors are evidently enthusiasts for the MKS system 
of units; chemical readers may be a little surprised to find 
oncentrations of solutions expressed in “‘kilomoles per 
cubic metre,” but will no doubt be relieved after a moment’s 
hought to realize that, apart from a negligible correction, 
hese are numerically equal to their old friends ‘“‘moles per 
itre.”’ 

There is no evidence in the book of any commercial secrecy 
yn matters concerned with safety: the composition and con- 
rentration of the anti-static additives found most effective 
ire given (but covered by patent). The presentation is 
*xcellent, in view of which the price can be considered 
noderate. P. S. H. HENRY 


solid state physics. Vol. 4. Advances in research and appli- 
cations. Edited by F. Seirz and D. TuRNBULL. (New 
York: Academic Press Inc.; London: Academic Books 
Ltd., 1957.) Pp. xiv + 540. Price 96s. 


\s a result of the unmanageable flood of publications which 
leal with physical research the familiar review journals can 
.o longer be relied on to provide up-to-date surveys of the 
terature on a level at once accessible to the non-specialist 
nd useful to the specialist in a given topic. This has led 
2 the appearance of a number of annual or semi-annual 
eries which have a slightly ambiguous status, between 
o.urnals and monographs, in the library shelves. Solid state 
hysics is now established as one of the most useful of these 
emi-periodical polygraphs. 
_ The present volume contains two substantial monographs, 
nd three papers on mathematical and experimental methods. 
(anzig’s article on ‘“‘Ferroelectrics and antiferroelectrics” 
nd Blatt’s on ‘‘Theory ‘of mobility of electrons in solids” 
ccupy together some 360 pages. Ferroelectricity is a topic 
1 which it is not easy to see wood for trees and Kanzig 
rovides a clear account of a great mass of material which 
omplies quite well with phenomenological theory, though 
je detailed molecular theory is still in at least as unsatis- 
actory a state as the theory of other ordering phenomena. 
fegaw’s recent book, however, is a better introduction for 
zaders quite unfamiliar with the subject. 
-Blatt’s article on a more coherent topic, abstracting from 
1e complexity of experimental fact, is not only a good review 
f recent work but a complete monograph of its subject. 
Woodruff on “The orthogonalized plane-wave method” 
escribes one of the most straightforward and useful methods 
yr calculating electron energy levels in solids, surveys its 
scent applications, and concludes with an extensive and 
elpful account of his own calculations on silicon, the results 
f which only were previously available. 
'Knox’s bibliography of atomic wave functions is com- 
rehensive and exactly what it claims to be, a set of references 
4th an indication of the method used but no further dis- 
4ssion. It is a useful supplement to Hartree’s recent book 
n the calculation of atomic wave functions. 
-Pfann describes ‘‘Techniques for zone melting and crystal 
rowing” for the production of single crystals of great 
ructural perfection and with controlled distribution of 
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impurities. These methods have been enthusiastically 
developed for the transistor trade, but are likely to prove 
much more extensively useful. 

This series should be in the libraries of all firms and 
institutions interested in the properties of solids, and of as 
many solid state physicists as can afford it. G. WYLLIE 


Angular momentum in quantum mechanics. By A. R. 
EDMONDs. (New Jersey: Princeton University Press; 
London: Oxford University Press, 1957.) Pp. viii + 146. 
Price 30s. 


The quantum mechanical theory of angular momentum is 
here developed on group-theoretical lines, and although the 
treatment has been made as simple as possible, and the 
exposition is generally lucid, the book will be beyond the 
scope of most experimental physicists. It will, on the con- 
trary, be extremely useful to theoreticians, because not only 
does it give a clear and comprehensive account of the theory, 
but it provides also a practical manual of the associated 
computational methods applicable to a wide variety of 
problems in atomic, molecular and nuclear spectroscopy, 
nuclear reactions and angular correlations of successive 
radiations from nuclei. Tables and references are ample. 

L. PINCHERLE 


Quantum mechanics. By E. MANDL. 2nd ed. (London: 
Butterworth’s Scientific Publications, 1957.) Pp. x + 
QOT2: ZPLiCe SDs. 


The present edition of Mandl’s quantum mechanics is a 
very welcome addition to the many existing textbooks on 
this subject, especially since some improvements have been 
made and a new chapter on the relativistic theory of the 
electron has been added. As the author states in his preface 
the book is intended for a wide class of readers, including 
experimentalists, to enable them to perform quantum- 
mechanical calculations and to read the theoretical literature. 
It therefore concentrates on the basic principles of quantum 
mechanics and its mathematical formalism, without aiming 
at too much mathematical rigour. Applications are mainly 
given in the form of ‘“‘exercises” for the solution of which 
generous hints are given at the end of the book. The reader 
is supposed to know some classical and quantum physics 
and special relativity theory, as well as calculus and vector 
analysis. The mathematically minded reader will have little 
difficulty in following the arguments and filling in the gaps, 
but experimentalists might find the going rather heavy and 
are likely to give up after the first few chapters. It would 
be a great help for those who wish to look up special items 
without willing to study the whole book if a uniform notation 
could be used throughout and a list of symbols provided 
with indications where the definitions are to be found. 
R. FURTH 


Russian-English atomic dictionary. By Dr. E. A. CARPOVICH. 
(New York: Technical Dictionaries Co., 1957.) Pp. 317. 
Price $12. 


Dr. Carpovich has used his extensive lexicographical 
experience in compiling a glossary of over 23000 Russian 
terms pertaining to nuclear science and technology and 
related subjects. A fair number of these, however, consist 
of phrases whose meanings are obvious, and which could 
well have been omitted. All entries appear under the first 
word, even if it is a preposition, and cross-references are few. 
The only grammatical information provided is the listing of 
perfective aspects. The Russian alphabet is not given. A 
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curious feature is that alternative words in the Russian are 
separated by the Russian word for “or. 

The book will be of little use except to an expert faneh tor. 
He will find in it a number of terms not listed elsewhere, 
some useful distinctions between pairs of Russian words, 
and very full coverage of terms used in mining and crystal- 
lography. It is remarkably well printed in two foreign 
languages (the printer is Butow of Munich) and the binding 
is good. J. B. SYKES -~ 


Handbook of chemistry and physics. 39th ed. Edited by 
C. D. Hopeman, in association with C. WEAsT and S. M. 
SeLBy, and in collaboration with many chemists and 
physicists. (Cleveland: Chemical Rubber Publishing 
Co., 1957.) Pp. xxii + 3213 on India paper. Price £5. 


The review of the 37th edition [Brit. J. Appl. Phys., 7, p. 309 
(1956)] referred to “‘this monumental handbook.” The 39th 
edition is a further monument to the painstaking and affective 
work of the editors and their collaborators. The well-known 
shape is retained and, to quote the preface “there has been 
a deliberate endeavour ... to exclude information which is 
controversial or which cannot be placed in a form as to 
make it readily usable.”’ Included in the new material are 
tables of nuclear spin and moments; superconductivities of 
metals, atoms and compounds; energy, mass and velocity 
relations for the electron; magnetic properties of transformer 
steels. The pages are very thin but tough, and though a 
certain amount shows through from the other side they are, 
on the whole, very legible. The information ranges from 
antidotes of poisons to Laplace transforms. In most cases 
the sources of information are indicated. There is a par- 
ticularly full section containing the main physical constants 
of a wide range of inorganic and organic compounds. If 
there are any physicists left who have never used the Hand- 
book, they are advised to make its acquaintance without 
delay. Its scope is rather different from that of the new 
American Institute of Physics Handbook. F. A. Vick 


Machinery’s annual buyers’ guide. 29th ed. 1957-58. 
(London: The Machinery Publishing Co. Ltd., 1957.) 
Pp. 993. Price 10s. 6d. 


In addition to 728 pages of manufacturers’ names listed 
under product headings and lists of their addresses and 
agents this volume contains French-English, German-— 
English, Russian-English and Spanish-English glossaries. 
Also included are lists of professional and scientific institu- 
tions, trade associations, research organizations, etc., and 
some useful tables of technical data. 


Elsevier’s dictionary of electronics and wave guides in six 
languages. Compiled and arranged by W. E. CLASoN. 
(Amsterdam: Elsevier Publishing Company; London: 
Cleaver-Hume Press Ltd., 1958.) Pp. 636. Price 90s. 


This volume comprises a dictionary, giving in English, 
French, Spanish, Italian, Dutch and German, the terms in 
general use in the field of electronics and waveguides. There 
are 2056 numbered entries, each one comprising the term in 
English, a somewhat unnecessary code which is either “‘tron”’ 
(for electronics) or “wg” (for waveguides), a brief definition 
and the corresponding term in the other five languages each 
marked with the gender. The terms are in alphabetical order 
in the English language version. At the back are five glossary 
indices, one for each of the five languages other than English 
in which the terms are listed in alphabetical order for each 
language with a reference number corresponding to the entry 
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in the main dictionary. Each section of this five-part glossary 
is marked by a thumb index. 

It should be emphasized that the electronic terms contained 
in this dictionary refer mainly to the electronics of devices 
rather than to circuits. All the normal types of electron 
tubes, as well as semi-conductor devices, are included. The 
coverage is reasonably comprehensive and most useful. The 
format is pleasing, the printing clear, and the volume is 
attractively bound. M. E. HAINE 


X-ray microscopy and microradiography. Edited by V. E. 
CossLetT, A. ENGsTROM and H. H. PATrTes, JR. (New 
York: Academic Press Inc.; London: Academic Books 
Ltd., 1957.) Pp. xvii + 645. Price 118s. 


This volume comprises the collected papers presented at a 
symposium on X-ray microscopy held at the Cavendish | 
Laboratory, Cambridge, in August 1956. The 65 papers | 
read are presented in full, although the volume includes 
discussions on only a few of the papers which is rather dis- | 
appointing. The diagrams, however, are excellent and the | 
volume is exceptional as a report on a symposium in that it | 
is so well presented and has been published relatively — 
after the papers were read. 

The subject-matter includes the three major types of X-ray | 
microscope, the reflexion type, the point projection type and | 
the micro-radiography type. Papers on applications are also | 
included, together with papers from almost all the well-known | 
experts in the subject. The whole represents an up-to-date | 
and comprehensive survey of this important, relatively new, 
and expanding field. 

It is clear from the papers that considerable effort is being ; 
put into the improvement of basic apparatus and the develop- | 
ment of the necessary theoretical background. It is also. 
apparent that application of the techniques is proving of | 
importance, particularly in the field of biology. | 

A number of closely related techniques discussed appear | 
to offer considerable promise. M. E. HAINE : 


Observation and interpretation. Edited by S. KorNmr. | 
(London: Butterworth’s Scientific Publications, ae 4 
Pp. xiv + 218. Price 40s. 


This is a distinguished series of essays, some by philoconhine 
and some by physicists, presented and discussed at the — 
symposium of the Colston Research Society at Bristol. 

The object was the laudable one of bringing together 
thinkers more particularly interested in the application of | 
mathematics to the physical world, and the interpretation of | 
quantum mechanics. In a very brief notice, it is impossible | 
to do more than to select the contribution of Professor David 
Bohm on hidden variables as a subject of great potential 
interest, bringing to light (and perhaps to fruition) the 
abortive advance by de Broglie many years ago. The | 
emphasis upon interpretation which underlies these papers is | 
significant. F. I. G. RAWLINS | 


1957 Heat Transfer and Fluid Mechanics Institute. Preprints | 
of papers. (California: Stanford University Press; 
London: Oxford University Press, 1957.) Pp. vii + 439. | 
Price 68s. 


In the space available it is possible to do no more than list 
the authors and titles of the papers contributed. They are: = 
ile “The sound generated by interaction of a single vortex 
with a shock wave.” By G. I. Ram and H. S. Ribner. 

Np “On the instability of small gas bubbles moving uniformly | 
in various liquids.” By R. A. Hartunian and W. R. Sears.| 
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3. “The fluid flow associated with the impact of liquid drops 
with solid surfaces.” By P. Savic and G. T. Boult. 

4. “Transformation of the compressible turbulent boundary 
layer.” By Artur Mager. 

5. ““The unsteady laminar boundary layer of a wedge, and 
a related three-dimensional problem.’ By F. K. Moore. 

5. “The laminar boundary layer near a sonic throat.’ By 
Donald Coles. 

7. “Some problems of laminar boundary layer shock wave 
interaction.” By Isaac Greber, Raimo J. Hakkinen and 
Leon Trilling. 

3. “Cooling of solid surfaces with heat power inputs over 
10° Watts/cm?.” By Daniel E. Bloxsom, Jr. 

Pat he chemical kinetics of air at high temperatures: a 
problem in hypersonic aerodynamics.” By Saul Feldman. 

). “Inviscid ‘hypersonic flow over blunt-nosed slender 

_ bodies.” By Toshi Kubota. 

1. “General properties of normal shock waves at hypersonic 

_ speeds.” By J. C. Bradley. 

2. “An investigation of stagnation point heat transfer in 

dissociated air.”’ By Peter H. Rose and F. R. Riddell. 

3. “Heat transfer to surfaces in the neighborhood of pro- 

tuberances in hypersonic flow.” By M. H. Bloom and 

Adrian Pallone. 

4. “Emissivity of high temperature air.” 

_ Bennett Kivel and Tunis Wentink, Jr. 

5. “Analysis of steady, finite-amplitude cellular flames.” 
By G. H. Markstein. 

5. “Ignition in the laminar boundary layer of a heated 

_ plate.” By Donald A. Dooley. 

7. “Ignition in transient flows.” By D. Bitondo, N. Thomas 

_ and D. Perper. 

3. “Experimental investigation of mass transfer by sublima- 

_ tion from sharp-edged cylinders in axisymmetric flow with 

laminar boundary layer.” By W. J. Christian and 

b)S. P.Kezios. 

?. “The heat balance integral and its application to problems 

| _ involving a change of phase.” By Theodore R. Goodman. 

). “‘The influence of solid body rotation on screen-produced 

| turbulence.” By Stephen C. Traugott and Hsuan Yeh. 

L. “Some effects of isotropic turbulence on a pendulum at 

_ moderate Reynolds number.” By William H. Schwarz 

and Stanley Corrsin. : 


By James Keck, 


Two invited lectures :— 

‘Fluid mechanical characteristics of large-scale meteoro- 
logical problems illustrated by experiments.” By David 
he Fultz: 

» “Research in Continental Europe in engineering thermo- 
, dynamics and heat transfer.” By E. R. G. Eckert, 


‘ere given but are not included in this volume. 
L. HowaARTH 
i acture reports for 1951. Vol. 15. By A. J. C. WILSON, 
in association with N. C. BAENZIGER, J. WyarT and 
J. MONTEATH ROBERTSON. (Utrecht: N.V. A. Oosthoek’s 
Uitgevers Mij, for the International Union of Crystal- 
lography, 1957.) Pp. viii + 588. Price £10 10s. 


the volume under review maintains the excellent standard of 
s predecessors and nothing more need be said by way of 
‘commendation to those familiar with the work already done 
y A.J. C. Wilson and his section editors for the International 
Inion of Crystallography. One innovation is the preparation 
if a separate index for the organic section, with classification 
rst by number of carbon atoms and then by number of 
ydrogens. Less pleasing, but no doubt unavoidable, is the 


‘VoL. 9, JUNE 1958 


233 


steep increase in price, calculated so that production need 
no longer depend upon the subyention which assisted earlier 
volumes. The sequence in the numbers of the volumes is 
interrupted (1950, volume 13: 1951, volume 15) to permit 
the insertion of a cumulative index, for the period 1940-1950, 
which will constitute volume 14. A casual scrutiny revealed 
a few misprints (page 98, “‘liqidus’”: page 304, legend to 
figure 1 should read “‘... on (0001) (III)... .”?), no doubt 
inevitable; but does the publisher’s specimen page (492), 
reproduced in the advertising fly-leaf already widely dis- 
tributed, have to carry the glaring misprint “‘... electron 
ditribution ...”? W. H. TAYLOR 


Reports on progress in physics. Vol. 20. Edited by A. C. 
STICKLAND. (London: The Physical Society, 1957.) 
Pp. 568. Price 63s. 


This twentieth volume includes nine reports: Plasma oscil- 
lations in metals, by S. Raimes; Theory of liquid helium 
(mainly concerning helium II), by J. Wilks; High energy 
protons, by A. E. Taylor; Theories of collective behaviour, 
by D. ter Haar; Strong and weak interactions of K-mesons 
and hyperons,. by R. H. Dalitz; Microwave properties of 
solids, by D. M. S. Bagguley and J. Owen; Methods of high- 
speed photography, by J. S. Courtney-Pratt; Photographic 
sensitivity, by J. W. Mitchell; Theory and properties of solid 
argon, by E. R. Dobbs and G. O. Jones. 

This group of reports not only maintains the individual 
standards which have come to be expected in these volumes 
but emphasizes once more the rapidity and scope of original 
““progress in physics’? which is the continuing reason for their 
annual appearance. From this point of view the emphasis 
on collective phenomena on the one hand and Dalitz’s 
exhaustive and masterly survey of the strange particle 
phenomena on the other are notable. The latter, in par- 
ticular, occupying about one-quarter of the whole text, 
appears, one must remember, within ten years of the most 
primitive indications of the very existence of the strange 
particles. 

A cumulative index of volumes 16-20 is also included. 

J. G. WILSON 


Theorie schallnaher Stro6mungen. By K. G. GUDERLEY. 
(Berlin: Springer-Verlag, 1957.) Pp. xv + 376. Price 
DM. 42. 


It is pleasant to review a book which, I am convinced, will 
fill out an important area of the literature on high-speed flow. 
When in addition the author is so well equipped for his 
choice of subject as Dr. Guderley the result is a book which 
will certainly find a wide research and teaching public. The 
choice of German as its language will possibly limit its appeal 
here and in America but we may perhaps hope that an English 
edition will follow; certainly many less worthy books have 
been translated. 

Space prevents more than a very brief survey of the 
contents. After an opening chapter, in which the general 
foundations are laid, the author goes on in Chapter 2 to 
derive the approximate form of the equation appropriate to 
transonic flow and to establish the transonic similarity law. 
Linear theory and its limitations are discussed in Chapter 3, 
and in Chapter 4 the few known exact solutions of the 
transonic equations are examined. The next two chapters 
are concerned with the hodograph form of the equations 
and its uses. Tricomi’s equation is derived and particular 
solutions of it form an important study and Chapter 7, some 
60 pages long, is devoted to them. The last three chapters 
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are concerned primarily with the flows engendered by sonic 
and near streams in two dimensions and in three dimensions 
when there is axial symmetry. Extensive use of hodograph 
methods is made in the two dimensional problems. 

L. HowarTH 


Electric contacts handbook. 3rd ed. By R. Hoi, aided by 
Ese Hoim. (Berlin: Springer-Verlag, 1958.) Pp. xvii 
+ 522. Price DM. 52.50. 


In 1941 Dr. Holm published a book entitled Die technische 
Physik der elektrischen Kontakte which was followed in 1946 
by a second edition Electric Contacts published from Stock- 
holm, in English. The present book, also in English, is 
enlarged and completely re-written: however, the authors 
regard it as a third edition of the original work. 

The two authors have contributed much to the literature 
on electric contacts, firstly in Germany and later in the 
U.S.A. In this book they have collected what must be all 
the data published by other workers and have combined it 
into this authoritative textbook. The magnitude of this 
task may be judged from the length of the author and 
literature index: this alone occupies thirty-one pages. 

The whole of the field is covered from the lightest to the 
heaviest contacts, stationary and sliding, and the association 
between electrical contact and mechanical contact, leading to 
frictional phenomena is discussed. The mechanism of load- 
carrying area, constriction resistance, tunnel and skin effects, 
wear and friction, lubrication, metal transfer on arcing, arc 
and spark suppression, and many other aspects are all fully 
discussed as well as many other items. 

Electric Contacts Handbook will be a classic for those who 
want to study fully the phenomena taking place at any electric 
contact. A. J. MADDOCK 


By H. E. DuckwortH. (London: 
1958.) Pp. xvi-+ 206. 


Mass spectroscopy. 
Cambridge University Press, 
Price 35s. 


This latest addition to the literature on mass spectroscopy 
brings together a great deal of information which has pre- 
viously been accessible only as scattered papers. Over 500 
carefully selected references to the literature are in themselves 
sufficient to make the book of value to all students of the 
subject as well as workers in the field. The book is parti- 
cularly easy to read in spite of the fact that the amount of 
information per page is large. 

The first half of the book is devoted to a study of instru- 
ments and the descriptive and theoretical aspects are well 
balanced. The remainder of the book is devoted to appli- 
cations and here clarity of description is maintained and the 
results quoted are set in their proper perspective in the 
various fields covered. One wishes, however, that Professor 
~ Duckworth had been able to devote more space to his subject, 
particularly to the wide variety of applications of mass 
spectroscopy. Those included give only a restricted coverage 
of the field and even so would benefit from a more detailed 
treatment. J. H. BEYNON 


Proceedings of the sixth international conference on spectro- 
scopy. Edited by Prof. Dr. W. VAN TONGEREN, F. FREESE 
and E. H. S. vAN SoMEREN. (London: Pergamon Press 
Ltd., 1957.) Pp. ix + 663. Price £8 8s. 


This volume, published as a supplement of Spectrochimica 
Acta, contains some 108 papers, a few in summary only, 
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presented and discussed at an international conference held 
at Amsterdam in May 1956. The papers, printed either in 
English, French or German, originate from all parts of the 
world, including most countries in Western and Eastern 
Europe, the United States, Russia and China. About two- 
thirds of them are devoted to emission spectroscopy, with 
particular reference to analytical applications, dealing with 
flame spectroscopy, emission from arcs and sparks, spectro- 
metry and instrumentation. Those seeking ready made 
analytical methods will not find them here, but they will find 
up-to-date articles on factors influencing analytical results, 
such as stability and temperature of light sources, electrical 
characteristics of discharges and the effects on them of 
ambient gases, the properties of carbon and graphite elec- 
trodes, photographic transformations, photo-electric record- 
ing, and emission of molecular spectra. The remaining third 
of the book is concerned with absorption and Raman spectro- 
scopy, emphasis being on instrumental and chemical aspects. 
Attention is also given to the effects of environment on 
electronic energy changes, to absorption of powders and 
transient compounds and to polymorphism. 

The standard of the papers is that to be found in a 
reputable scientific journal, with the advantage that they were 
all presented and edited simultaneously. In his opening 
address, the President of the conference expressed the satis- 
faction of his committee that a relatively high proportion of 
the communications were concerned with fundamental 
problems. He stated that the conference represented, in 
fact, the current situation in spectroscopic analysis where 
empiricism is being replaced by investigation, more parti- 
cularly on conditions of excitation. His views are supported 
by the publication under review. 

The price of the volume appears high, put it may be 
justified if one regards it as equivalent to two volumes of a 
scientific journal. Those who are directly concerned with 
applications of spectroscopy should certainly have access to it. 

M. MILBOURN 


The scientific papers of Sir Geoffrey Taylor. Vol. I. Mechanics 
of solids. Edited by G. K. BATCHELOR. (London: 
Cambridge University Press, 1958.) Pp. x + 593. 
Price 75s. 


It is sufficient recommendation to state that this first volume 
of a series of four books contains all the papers written by 
Sir Geoffrey Taylor on the subject of the mechanics of solids. 
The editor has collected together forty-one papers and has 
arranged them in chronological order. 

Scientists and technologists concerned with the study of the 
deformation of solids will know some of these papers almost 
off by heart and they will be familiar with most of them. 
There are, however, several papers, written for Government 
departments or advisory. committees during the last war, 
which have not been published for unrestricted circulation 
before; these papers describe investigations carried out 
on the propagation of stress waves in solids resulting 
from the high rates of loading produced by impact and 
explosion. 

A thorough knowledge of the work of Sir Geoffrey Taylor, 
particularly of his Dislocation Theory, is so important to 
those who wish to take part in or who wish to acquire an 
understanding of the developments of solid state theory 
that the publication of this book should be most welcome. 
The tasteful presentation does justice to the work it records, 
and it will make a valuable addition to both private and 
public libraries. E. G. STANFORD 


VoL. 9, JUNE 1958 


ORIGINAL CONTRIBUTIONS (continued) 


Mechanical testing of materials in the transition region 
between steady flow and failure 


By A. Josiinc, Ph.D., A.R.C.S., F.R.I.C., Ernest Oppenheimer Laboratory, University of Cambridge, 
and J. E. Roserts, B.Sc., A.Inst.P., Armament Research and Development Establishment, Sevenoaks, Kent 


| [Paper first received 3 August, 1956, and in final form 18 November, 1957] 


An attempt has been made to overcome some of the defects of the standard methods of 


mechanical testing of materials. 


The new method, in which the deformation is brought about 


by attaching the specimen to a substrate, shows that when the final mechanical failure occurs, 
continuity is preceded by a region of disturbed flow in which the flow lines appear as a pattern 
of remarkable regularity, the direction of which is not that of maximum shear. 

Materials such as dry powders, pastes, polymers and vacuum-deposited metals have been 
studied and show unexpected common features, e.g. fatigue and relaxation of work hardening by 


: vibrations. 
ki 


Ke complete examination of the mechanical properties of 
‘given material requires its testing under conditions: 
; 


(i) in which the continuity of the sample is maintained 
| throughout the test; 


(ii) in which various disturbances is regular deformation 
(in general terms ‘“‘flow lines’?) appear at some point 
in the test and the material ultimately fails. 


‘Ideally one would like to have a sufficient understanding 
* the behaviour of the material to be able to predict its 
‘sponse under either set of conditions to any homogeneous 
‘echanical action. That this perfect situation is generally 
r from being achieved is due, on the experimental side, to 
‘e limitations of present methods of mechanical testing, which 
“e restricted both in the range of mechanical actions which 
in be applied to any one material and in the range of 
aterials which can be examined by any particular action. 

_ All standard testing methods for liquids employ laminar 
tearing movements of one type or another. Previous 
‘tempts to produce other types of rotational strain or 
‘rotational shearing movements in liquids are not known to 
ie authors. This limitation is not serious in the testing of 
‘ewtonian fluids but is important in the flow testing of visco- 
astic liquids. It has been shown elsewhere!) that in 
iminar shear of these materials, the main directions of strain 
slocity and stress diverge at sufficiently high values of the 
irain velocity, a complication which would not arise if the 
-aterial could be tested in some irrotational movement. 
Standard testing methods for solids employ either hetero- 
‘neous straining movements (bending tests, torsion tests) or 
ye type of irrotational shear with cylindrical symmetry 
imple axial tension or compression tests). A slightly greater 
2=gree of variability is introduced in the triaxial tests in which 
dal tension, compression or torsion of the sample is com- 
‘ned with ait independently variable hydrostatic pressure. 
hese limitations are probably not serious for materials and 
onditions which are adequately described by the classical 
asticity theory, but they do become important in any 
sting involving large strains (rubber-like elasticity) or the 
ypearance of flow disturbances preceding failure. In the 
udy of rubber-like materials the need for a wider range of 
‘echanical tests has already been recognized and largely 
at, notably by Treloar, Rivlin, and their co-workers. 

A further difficulty arises from the use at present of rigid 
‘ips or boundary members to hold the sample and impose 
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on it the required deformation. If continuity is to be main- 
tained between the grip and the specimen, then, in their 
interface, just where the applied action is being transmitted, 
no deformation occurs.. The deformation produced in the 
interior of the specimen then depends not only on the 
mechanical action applied at the boundary, but also on the 
ability of the sample to transmit this deformation. 

This paper describes the way in which some at least of 
these defects are overcome in a method of testing suggested 
by Weissenberg,@) of which a preliminary account has been 
given elsewhere.“) 


TEST METHOD 


In Weissenberg’s method, a thin layer of the material to 
be examined is spread on a substrate which is itself deformable 
and situated in a main plane of the strain, i.e. a plane in 
which the maximum changes in length occur. The substrate 
can then be caused to undergo any one of a wide range of 
rotational or irrotational two- or three-dimensional shearing 
movements, the components of which in the plane of the 
interface are transmitted to at least the bottom layer of the 
sample under test, provided that the two materials adhere 
sufficiently. 

If a straining action applied in this way is continued either 
in time or space to the point where failure of the specimen 
occurs, it is found for many materials that the final break- 
down of continuity is preceded by a transition region of 
disturbed flow, in which the perturbations (furrows, ridges, 
or in general terms, flow lines) appear in a very regular 
pattern with a statistically well-defined periodicity, and in 
directions which can be related to the strain geometry of the 
particular movement. These features are amenable to 
quantitative measurement, and it should be possible by this 
technique to obtain much more information about the rupture 
process than has hitherto been available. There is no funda- 
mental difficulty in observing the stresses and strains in the 
break portion, and work is now in hand for studying the 
possibilities of this. 

A practical problem is the development of devices for pro- 
ducing the required movements in the deformable membrane. 
Even with a restriction to homogeneous strains, the complete 
range of available movements is very large, since one can 
prescribe independently the two principal strains in the plane 
of the substrate and their time development. Much of the 
experimental work to date has been performed with the 
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aid of a few very simple devices, each of which can produce a 
limited range of deformations. These are: 


(i) balloons and inflatable membranes of various shapes 
and tensions; 


(ii) membranes held in rigid grips which can be moved 
relative to one another, e.g. in parallel for laminar 
shear or apart for simple extension; 


(iii) the flexible disk consisting of a sheet of some isotropic 
elastic material held under slight uniform tension in a 
ring which is inextensible along its circumference, but 
capable of deformation into an ellipse in the plane of 
the original circle. The strain geometry of this is 
considered more fully in the Appendix. 


In most materials, failure can be produced either by a 
single, sufficiently large, deformation or by repeated appli- 
cation of a much smaller strain (“‘fatigue’’). In the materials 
and tests used in the present work, failure was found to 
occur very frequently approximately along those directions 
which do not change in length in the particular deformation 
(‘lines of zero elongation”), and the present experiments 
have therefore been largely restricted to movements in which 
these directions are well defined, i.e. to small strains. 

The precise measurement of strain is conveniently made by 
observing the deformation of a reference grid printed on the 
membrane. Very small displacements can be accurately 
observed by the moiré technique. 

The problem of determining the stress developed in the 
sample during the test is more difficult. In all mechanical] 
testing the ultimate aim is to be able to make a sufficient 
number of measurements to specify completely the angular 
distribution of stress at every point in the sample throughout 
the test. In one case, the testing of liquids in laminar flow 
with the Weissenberg rheogoniometer,‘!) this has now been 
achieved, but in most mechanical tests, particularly those on 
solids, the stress in the interior of the specimen can only be 
calculated from the measured forces acting on its boundaries 
with the aid of certain assumptions which may or may not 
be justified. In the present method of testing, some at least 
of the components of stress in the specimen can be determined 
by observing the distortion of a reference grid on the substrate 
from the position it would have adopted under the same 
applied action had no test material been applied. It may 
also be possible to utilize stress birefringence effects in 
suitable cases. 

The ideal requirements of the material forming the substrate 
are: 


(i) there should be no diffusion into, chemical attack of, 
or swelling of one material by the other; 


(ii) the two materials should “‘stick,” i.e. maintain contact 
completely; 


(ili) the deformation of the substrate may be plastic or 
elastic, but it must be uniform (i.e. without pertur- 
bations) in the region where the disturbances are 
appearing in the test sample. 


For many experiments, the most convenient boundary 
material is good-quality latex rubber sheet. A rubber-like 
material made by fast-electron irradiation of high molecular- 
weight silicone oil (« of the order of 10° centistokes) is 
also suitable for experiments not requiring very large strains, 
and has the additional considerable advantages of complete 
transparency and greater resistance to chemical attack. 
Many other materials should form suitable substrates since 
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the main requirement is that they should deform uniforml 
throughout the desired range of movements. These may 
very small as it is known that many metals and plastics, for 
example, fail under strains at least an order of magnitud 
smaller than those employed here to produce cracking 
pastes and powders. 


/ 


EXPERIMENTAL RESULTS 


The behaviour of a wide range of homogeneous isotropic 
materials in a variety of deformations has been examined ar 
the results will be grouped according to the orientations 
the plane of the thin layer of the ‘‘flow lines” which hav 
been observed or might be expected to appear. These may 
be related to: 


. 


(i) the directions of the principal strains; 

(ii) the directions of maximum shear strain which lie at 45° 
to (i); and 

(iii) the directions of zero elongation. 


Failure along directions (i) or (ii) is well known in standar 
testing. The appearance of flow lines in a strip of alumini 
in simple tension along direction (iii) has been reported b 
Nadai,“ and the present series of experiments has show. 
this set of directions to predominate in a large group o 
materials and mechanical actions. 


Fig. 1. Rupture of silicone bouncing putty at high rates 


of strain (simple extension) 
VoL. 9, JUNE 1958 


Mechanical testing of materials in the transition region between steady flow and failure 


» (i) Flow lines in the directions of the principal strains. 
‘Brittle failure” is usually understood to occur across a 
surface perpendicular to a direction of greatest extension 
and can readily be demonstrated by the thin-layer technique. 
Sig. 1 shows failure of this type in silicone bouncing putty 


_ Fig. 2. Behaviour of a film of ethylcellulose on rubber 
in a small-amplitude oscillatory movement (simple 
extension and contraction) 


| : 
which had been spread in a thin sandwich between two strips 
of rubber. A rapid lengthwise (x-direction) stretching caused 
vegular cracking in a perpendicular plane. (Some relaxation 
as occurred in the brief time required to strip off one rubber 
support and position the sample for photography.) 

_ A thin film of ethylcellulose deposited from solution on 
10 a strip of rubber deforms evenly when the rubber is 
slightly stretched in the same way (simple extension). When 
| the rubber is allowed to contract again regular wrinkles 
appear in the film perpendicular to the direction which had 
geen extended (x-direction) (Fig. 2). 

- If the small-amplitude oscillatory movement is repeated a 
sufficient number of times, fatigue failure occurs ultimately 
dy cracking parallel to the wrinkles. 


_ (ii) Flow lines in the direction of maximum shear strain. 
The directions of maximum shearing strain in the plane of 
the film lie at an angle of 45° to the directions of the principal 
;trains in this plane and ate independent of their magnitudes. 
For “simple” (laminar) shear and the equivalent plane 
shear, both of infinitesimally small amount, the directions 
of maximum shear correspond with those of the lines of 
zero elongation. In experiments with a wide range of 
materials subjected to deformations in which these two sets 
of directions do not coincide, the appearance of flow lines 
along direction (ii) has never been observed. This is very 
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surprising in view of the widespread occurrence of ‘“‘shear 


failure” in bulk tests.© 


(iii) Flow lines in the directions of the lines of zero elongation. 
In a preliminary account of this work,“ it has been shown 
that, in certain homogeneous deformations, failure in many 
powder aggregates and pastes occurs along certain well- 
defined and reproducible directions, which are definitely 
neither those of maximum shear strain nor of the principal 
strains. These directions have been interpreted as being 
those of the lines of zero elongation. The flexible disk 
technique described in the Appendix enables a whole series 
of such tests with different homogeneous straining actions to 
be condensed into a single test with a strain of known 
heterogeneity. 

This test embraces all movements in which one major axis 
in the plane of the disk is expanded while the other is con- 
tracted (and vice versa, i.e. the two movements are 180° out 
of phase) and in which the ratio of the extensions in the two 
dimensions lies between 1:0 and 1:1. Fig. 3 shows a 
heterogeneous pattern produced in a lane of powdered Pyrex 
glass (— 200 mesh) spread along the radius of the flexible 
disk and subjected to a series of small-amplitude deformation 


Fig. 3. 


Ridge and crack patterns in powdered glass 
spread along a radius of the flexible disk parallel to a 
principal strain and subjected to a small-amplitude 
oscillatory movement as in Fig. 5 


BRITISH JOURNAL OF APPLIED PHYSICS 


A. Jobling and J. E. Roberts 


cycles as illustrated in Fig. 5 (see Appendix). The pattern 
develops gradually with an increasing number of deformation 
cycles, thus providing a striking analogy with the phenomenon 
of fatigue in metals. 

In Fig. 4, the observed angle between the flow lines and 
the width-wise dimension of the lane of powder is plotted as 
a function of the radial distance from the centre of the disk. 
In the same figure are also plotted the corresponding angles, 
calculated from observations with a travelling microscopé, 
of the lateral and longitudinal changes in length in a similar 


2 4 6 8 | 
Distance from centre of disk (cm) 


Fig. 4. Variation of the angle, ¢, along a radius 
parallel to a principal strain 


x = calculated from microscopic observations of the lateral 
and longitudinal movements at various points. 
e = observed directions of cracks in cornflour powder in a 
pattern similar to that shown in Fig. 3. 


experiment of small cells drawn on the rubber at various 
points along the same radius. The average experimental 
error in the determination of each set of angles is about + 3°, 
so that agreement between the two is reasonable. Experi- 
mental techniques are now being developed for the production 

’ of general homogeneous deformations, and it should then be 
possible to measure the directions of the flow lines with 
greater accuracy. 

The observation of the flow lines in the direction of the 
lines of zero elongation is of great theoretical interest.. One 
direct consequence is that the mode of failure, at least in 
these materials, must be partly dependent on the nature 
of the applied deformation since, in a straining movement in 
which both the principal directions of strain in the plane of 
the film expand or contract in unison, there are no lines of 
zero elongation and the material must then fail in some other 
way. Nadai® has remarked that “wide flat bars or strips 
machined from thin-rolled metal sheet when tested in cold- 
worked conditions in tension . . . break along an oblique 
plane perpendicular to the flat sides of the bar inclined at 
an angle of approximately 55° to the axis of the bar,” clearly 
not a shear failure. 

Nadai described this mode of rupture as depending on 
the shape of the specimen and occurring only in flat bars 
with a width: thickness ratio of 6 or 7 : 1, and it may be that 
the present technique, in which one dimension of the specimen 
is kept very small relative to the other two, predisposes 
failure to occur in this particular mode. 

The whole question of whether or not the shape of the 
sample influences the mode of rupture in a homogeneous 
deformation (i.e. excluding notch effects and similar stress 
concentrations) is an open one, and should be further investi- 
gated because of its enormous practical and theoretical 
significance. 
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TIME-DEPENDENT EFFECTS: VISCOELASTICITY 
AND DILATANCY 


In much of this experimental work, the time development 
of the deformation has been ignored. Fortunately, for many 
materials and powders in particular, it seems to be not very 
important. In the testing of viscoelastic materials, large time 
effects are well known. Thus the brittle failure of silicone 
bouncing putty (Fig. 1) occurs only at a sufficiently high rate 
of strain. In a slow deformation the material flows evenly, 
and no disturbances appear up to very large amounts of 
strain. 

The other class of materials showing marked time-dependent 
behaviour is the dilatant pastes, for the study of which the 
present method is particularly suited. The term dilatancy is 
used here to describe not merely an increased resistance to 
shear with increasing rate of shear, but in the original literal 
sense of an increase in apparent volume accompanying shear. 
Thus a highly-dilatant cornflour/water paste remains mobile 
and deforms freely with the boundary up to very large 
amounts of strain if the action is slow enough. At a suffi- 
ciently high rate of strain, the surface of the material goes dry 
upon the imposition of a small strain. If the action is stopped 


at this point, rapid relaxation to a mobile fluid takes place; | 


if the apparently dry material is given a further small strain, 
rupture occurs, usually normal to the direction of maximum 
extension (‘brittle fracture”) if the sample is thick enough, 


and along the lines of zero elongation if the sample is thinly — 


spread. Qualitatively similar results have been obtained 
with other pastes of very varied chemical and physical com- 
position (e.g. metal powders, graphite in mineral oils; glass 
beads, powdered glass, powdered quartz in water; cornflour 


in glycol, glycerol, or decyl alcohol) but in most of these — 
relaxation to a mobile fluid on cessation of shear does not — 


occur immediately (type I) as in cornflour/water of suitable 
concentration. Sometimes it occurs spontaneously but 


much more slowly (type II), and sometimes spontaneous ~ 


relaxation does not occur at all within a reasonable time, but 
the application of a small-amplitude oscillatory shear brings 
about a rapid return to the fluid state. Even the relaxation 
of type II materials is speeded by such mechanical vibration. 
Conversely, a dilatant material can, by the application of an 
oscillatory shear of suitable amplitude and frequency, be kept 
fluid throughout some shearing action under which it would 
normally dry out, become brittle and crack. This may have 
some application in any industrial process in which a dilatant 
material has to be pumped or spread. This relaxation effect 
calls to mind Freundlich’s observations on “‘passive dila- 
tancy,’’®) the phenomenon in which the paste is brought to a 
fluid state by tapping the containing vessel. Much more 
exact studies of mechanical relaxation can now be made 
since the effect can be produced by well-defined shearing 
movements, the type, amplitude and frequency of which can 
be controlled. 

It is not proposed to enter here into a detailed discussion 
of dilatancy, but it may be remarked that the phenomenon 
appears to be more complex and of more widespread 
occurrence than is usually believed. The thin-film technique 
shows up clearly very slight traces of dilatancy, so that a 
change of surface texture on shearing has even been observed 
in many suspensions which are normally classified as thixo- 
tropic ®) (e.g. cornflour/petroleum ether, powdered 
quartz/carbon tetrachloride). A surface roughening in shear 
is well known for many metals, and though the detailed 
mechanism here may well be different, it is interesting to 
note that relaxation (softening) of work-hardened metals 
(copper, aluminium, nickel, and some alloys) by the appli- 
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tion of small-amplitude mechanical vibrations has recently 
en claimed. (19 1D 


CONCLUSIONS 


In order to examine completely the mechanical behaviour 
‘a given material, one would like to be able either to 
bject it to any homogeneous straining movement, and to 
en have a complete knowledge of the angular distribution 
stress at every point in the sample throughout the test (a 
nematic test), or to prescribe completely any homogeneous 
ite of stress and observe the resulting strain and its develop- 
ont in time (a dynamic test). It has been indicated that 
esent standard testing methods fall far short of this ideal 
“many respects, and the present work should be viewed as 
_attempt to bridge the gap for kinematic testing. 

The major advantages of the present method are that: 

@ it enables the range of deformations previously available 


r testing to be greatly extended. This development should 
sist the further study of the steady deformation and flow 
viscoelastic and rubberlike materials, a topic not further 
nsidered in this paper, and is an improvement in any test 
_ any material in which flow irregularities appear at some 
int in the test; 

(ii) it affords improved control over the behaviour of the 
iterial in the plane of the film as evidenced by the remarkable 
zularity of the disturbance patterns which are produced, 
iuny of the features of which are amenable to quantitative 
sasurement. The technique is particularly suited to the 
amination of the events preceding failure, since this is 
used to occur not at one place, the exact site of which is 
t known beforehand, but regularly throughout the sample 
an easily controllable manner; 

(iii) it extends the range of materials that can be tested in 
y given deformation; for example, actions involving tensile 
‘esses can now be applied to materials of little cohesion 
ch as pastes or powders. As a result, striking similarities 
'the behaviour of materials of widely differing physical 
‘d chemical properties are now revealed (e.g. the generality 
fatigue failure, dilatancy and mechanical relaxation 


‘ects, etc.). 


The work so far has been restricted almost entirely to 
rubber substrates and materials which can be deformed on 
these by small easily-applied forces, but even with this 
limitation a wide variety of materials (powders, pastes, 
polymers, vacuum-deposited metals) can be investigated. In 
the extension of the technique to the stronger materials such 
as metals, in which there is most practical interest, the 
problems which arise are practical ones and not difficulties 
of principle. 

In the interpretation of the results, attention has so far: 
been concentrated on the directions in which the flow dis- 
turbances appear in materials which are initially isotropic, 
and their relation to the strain geometry. This is in contrast 
to the usual procedure which is chiefly concerned with the 
magnitudes of the various components of stress at failure. 

If the material under test is initially anisotropic, the 
directional properties arising from the structure must be 
superimposed on those of the stress-strain geometry and 
either set may predominate. In crystalline substances it is 
probable that the structural anistropy is the more important, 
and deformation occurs along crystallographically important 
directions; whereas in polycrystalline materials, there may 
occur more complex effects in which microscopic flow along 
crystal planes in individual grains is accompanied or followed 
by the appearance of macroscopic flow lines along directions 
determined by the strain geometry. 
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APPENDIX 
Strain geometry of the flexible disk 


The flexible disk consists of a sheet of some isotropic 
elastic material (e.g. rubber) held under slight uniform 
tension in a ring which is inextensible along its circumference 


y 
_ fe 
$-tar | 2, 
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Fig. 5. Strain geometry of the flexible disk for an oscillatory irrotational movement of very small amplitude 
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but which can be deformed into an ellipse in the plane of the 
original circle. A device of this type with various geo- 
metrical figures printed on it has been used in demonstrations 
by Weissenberg“!) who has described the geometry of some 
unusual deformations that can be produced with it. 

A group of irrotational straining movements can be 
produced simultaneously with the flexible disk by the cycle 
of operations illustrated at the top of Fig. 5. The disk is 
caused to pass through a series of elliptical shapes by alternate 
expansion and contraction of a diameter by an infinitesimally 
small amount. The strain so produced is not homogeneous 
over the surface of the disk. Though the two principal 
directions of strain in the plane of the disk are everywhere 
the same (and are here coincident with the x- and y-axes), the 
ratio of their magnitudes varies from point to point. This 
heterogeneity of strain is illustrated more clearly by reference 
to three unit circles situated along a radius of the disk, one 
at the centre, one at the rim, and the third intermediate 
between these two. These are shown in the magnified radial 
lane on the lower left-hand side of Fig. 5. Each circle is 
taken sufficiently small that the deformation over its area 
can be considered to be homogeneous. The deformations 
undergone by these unit circles during the cycle are illustrated 
in the lower centre of Fig. 5 and, on the right-hand side, super- 
position of these figures gives the orientation of the lines of 
zero elongation (dotted). At any given point on the surface, 
this direction is invariant only if the deformation is an 
infinitesimally small one; it then depends only on the ratio 
of the amplitudes, e,, e,, in the x- and y-directions and not 
on their absolute magnitudes according to the equation 


tan? ¢ = — e,/e, 


where 2¢ is the minor angle between the lines of zero 


elongation. Since —e,/e, varies continuously from Zero } 
the rim to unity at the centre, the variation of ¢ is from 0 
at the rim to 45° at the centre (compare Fig. 4). 
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The time-constant of carbon composition resistors 
By G. H. Rayner, B.A., A.M.I.E.E., National Physical Laboratory, Teddington, Middlesex 


[Paper first received 23 October, 1957, and in final form 8 January, 1958] 


The inductance and capacitance of small composition resistors have been determined. 


It is 


shown that the time-constant can be obtained with high accuracy and that for a common type 
it does not exceed 1 x 10-9 H/Q in magnitude for resistance values between 10 Q and 1 kQ and 
it is very close to zero for a value of 100 Q. 


The determination of the time-constant of resistors depends 
upon standard resistors with conductors of simple geometry 
for which the inductance and capacitance are calculable. 
The standard resistors at the N.P.L., range in value from 1 Q 
to 10 kQ, and have wires arranged in various ways: V-loops,\) 
a Coaxial wire in a tube and a helical coil in a tube. If such 
resistors are not available, carbon composition resistors are 
sometimes employed to serve as a standard of zero time- 
constant since this is inherently small for such resistors. In 
view of this, and on account of correspondence,®) arising 
from a recent paper, an accurate knowledge of their time- 
constant was thought to be of interest. 

The type of resistor investigated had an extruded com- 
position conductor about 0-33 cm diameter, with squeezed 
on brass end-caps, and a ceramic sleeve overall; the outside 
dimensions were: length 1-2 cm, diameter 0-55 cm. 
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Resistors of this type have the same construction and 
dimensions for a very great range of values, the only difference 
being in the resistivity of the material of the composition 
conductor. It can be assumed therefore that the series 
inductance and the shunt capacitance are sensibly independent 
of the resistance value. Using this assumption, it is showr 
below that these resistors provide standards of which the 
time-constant may be known more accurately than the time 
constants of the wire resistance standards. 


CAPACITANCE 


The capacitance has been measured for resistors of higt 
enough value for the effect of the inductance / on the shun 
capacitance, —//R?, to be negligible. The capacitance C 0 
a single resistor was compared with the capacitance of : 
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| The time-constant of carb 
rallel combination of five resistors, each having five times 

; resistance of the single one. The combination had a 
vacitance SC, and therefore a difference of capacitance 4C 
‘m that of the single resistor. This difference was measured 

h screened leads to the resistors, the screens being taken 
to the body of the resistors and the screen capacitances 
ninated; the value of C at both 1 and 10 kc/s was found 
ibe 0-6pF. The effect on the capacitance of leaving 
screened an inch of lead was not appreciable. An addi- 
al screen, in the form of a plate with a hole through 
ich a resistor could pass, placed at the mid-plane of a 
istor decreased the capacitance by less than 0-1 pF. 

[he capacitance of a smaller resistor, having a phenolic 
‘in sleeve about 0:32 cm diameter, was also measured in 
3 way and found to be about 1:2 pF. The approximate 
‘ues of the permittivity of the sleeve materials were 
Jasured, that of the ceramic was five and that of the resin 
but twice as much. The capacitance of these resistors is 
ermined largely by the permittivity of the insulating 
‘terial surrounding them, and the electric field external to 
5 makes only a small contribution to the total. 


INDUCTANCE 


“he inductance of resistors in the range 10 to 40 Q was 
fermined, as for these values the effect of the shunt 
yacitance on the series inductance, —CR?, is small, 
hough not negligible. In order to achieve high precision 
Iwas necessary to arrange for two pairs of connexions to 
(resistor which provided current and potential connexions; 
se were disposed as shown in the figure. Measurements 


Potentia! leads 


Current ieads 


| 
| Resistor with potential and current leads 
it 


e made of the difference in the inductance of a single 
stor and the inductance of a number of resistors in 
‘allel, these being in a compact, symmetrical arrangement. - 
2 parallel combination had the same resistance as the 
zie one, and was also provided with current and potential 
inexions. In one case a 10:6 Q resistor was compared 
‘bh three 32 Q resistors in parallel, and in the second a 36 Q 
‘stor was compared with four 150 Q ones in parallel. 
vhe effects of inductance cannot be analysed as simply as 
| capacitance effects on account of mutual inductance. 
4s, in addition to the self-inductance of the part of the 
rent and potential circuits which is common to both, it is 
essary to take into account the mutual inductance between 
current circuit and the potential leads. Also, in the 
2 of the resistors connected in parallel, there is mutual 
uctance that must be allowed for between each resistor 
| the others. The inductance LZ of N branches in parallel, 
h having a self-inductance / and a mutual inductance m 
every other branch, is given by L = [/ + (N — I)m]/N.. 
+ conditions for this relation can only be realized for two 
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on composition resistors 


or three branches; for geometric reasons with four or more 
branches not all the mutual inductances can have the same 
value. However, their mean may be then taken as a reasonable 
value for m in the above formula. 

If the four-terminal inductance of the single resistor R is 
denoted by /’, then the effective inductance is 1’ — CR?; 
similarly, the effective inductance of N resistors (each NR in 
value) in parallel is L’ — NCR?, where L’ is the four-terminal 
inductance of the parallel combination. The difference of 
inductance is /’ — L’ + (N — 1)CR* = AL, say. A direct 
measurement of this difference of inductance, AL,,, was 
made at 10 kc/s using a double-bridge with capacitance ratio 
arms instead of the resistance arms used in Hartshorn’s 
method.©) Three-terminal air capacitors were used for 
these ratio arms, one was a fixed 1000 pF capacitor and the 
other was a variable capacitor to provide the ratio adjustment. 
The balancing and measurement of the inductance difference 
of the resistance arms was effected by a low range variable 
air capacitor connected aross the single resistor, this always 
being the more inductive. 

The calculated values of the four-terminal inductances for 
the single resistor and for the parallel combination were 
obtained by computing the components arising from the 
various self- and mutual-inductances outlined above. The 
difference AL, of the calculated effective inductances was 
obtained from these using the measured capacitance, and 
AL. was compared with the observed inductance difference 
AL,,. The various quantities are summarized in the following 
table for the two values R of the single resistor. 


Summary of inductance values 

10-62 36.2 
6:9 6-9 
4-5(N=3) 3-8(N=4) 


Resistance R 
Calculated inductance /’ Hx10~? 
Calculated inductance L’ Hx10~? 


Capacitance term 

(N — 1) CR? H5cL0= 6071 223 
Calculated inductance 

difference AL, HAO = 2275 5-4 
Measured inductance dif- 

ference AL,, Hx<i0 2:8 10-4 
AL,, — AL, Hx10-? *-0-3 5:0 
Time-constant, /’/R—CR  H/Q 0-7x10-2 0:2x10-? 


In terms of the time-constants the differences between the 
measured and calculated inductance values correspond to 
less than 1 x 10~!° H/Q in the case of the 10-6 Q resistor 
and slightly more than this for the 36Q resistor. The 
smallness of this time-constant difference is satisfactory and 
it is reasonable to assume that the time-constants given in the 
table are correct to a similar accuracy, namely about 
1 x 10-!° H/Q. This is appreciably better than is usually 
achieved in standards having calculable time-constants; for 
example, Arnold) estimated the time-constant of his 1 Q 
standard to be zero within +4 x 10~!° H/Q, while for the 
resistors in the range 100 Q to 10 kQ designed by Astbury, 
the uncertainty is estimated not to exceed 20 x 107!° H/Q. 
The improvement in the accuracy which has been obtained 
with these carbon resistors is accounted for by the high 
resistivity of their material compared with the resistivity of 
normal resistance alloys; this enables a high resistance value 
to be obtained in a short element with a fairly large cross- 
section. These characteristics favour a small and accurately 
calculable value of inductance combined with a low value 
of shunt capacitance. 

In conclusion it may be stated that a resistor, such as that 
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described, may be used as a standard with a time-constant 
not exceeding 1 x 10°? H/Q in magnitude, for values 
between 10 Q and 1 kQ; a resistor of 100 Q is likely to have 
a time-constant very close to zero. 
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Bonding optical components to metal mounts 


By K. H. Sprinc, M.Sc.,* Fighting Vehicles Research and Development Establishment, Chertsey, Surrey 


[Paper first received 24 October, 1957, and in final form 3 January, 1958] 


Various methods of bonding optical components to metal mounts, using synthetic resin 


adhesives, are described. 
and prevent strain in the glass. 
maintain resilience at temperature extremes. 


In some cases a rubber interlayer is necessary to maintain resilience 
A sandwich-type silicone rubber interlayer may be used to 
The tensile strength and shock resistance of the 


various types of bond are discussed, and a laboratory shock-tester suitable for small specimens 
is described. 


Optical components such as prisms are usually held in 
position by small metal clips around their edges, sometimes 
with thin layers of cork to prevent strain or damage to the 
glass. This method of attachment is satisfactory for, say, 
hand-held binoculars, but is less so for the larger optical 
components in instruments which are likely to receive more 
severe shock, such as those mounted on military vehicles 
liable to be attacked by gunfire. The inertia of the com- 
ponent, in relation to the small area over which it is effectively 
held, may then cause it to break off and render the instrument 
unusable, perhaps at a critical time. The military ideal 
would be for all the optical instruments in a vehicle to remain 
usable for as long as the vehicle itself were fightable. A 
considerable advance towards this ideal has become possible 
in recent years owing to the introduction of synthetic resins 
which permit an optical component to be bonded to its 
mount over the whole common base area. 


STANDARD TECHNIQUE 


A technique for bonding, which has now become almost 
standard, was evolved mainly by the Admiralty Gunnery 
Establishment. The optical element is bonded to a steel 
plate using a rubber interlayer. Nilo 48 (by Henry Wiggin 
and Co. Ltd.), an alloy steel, is used to minimize differential 
expansion between steel and glass, and Gaco synthetic rubber 
(by G. Angus and Co.), which satisfactorily withstands the 
necessary bond-curing temperature, is used as a stress- 
relieving layer. Rubber of a thickness of 4; in. and Shore 


* Now at Royal Aircraft Establishment, Farnborough, Hants. 
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hardness of 75° were found to give the most satisfactor 
results. The glass, steel and rubber are thoroughly cleane 
with alcohol and the rubber is baked for four hours : 
140° C, hanging from clips in an oven. All the componen 
are then brought to a temperature of about 100—120° C- 
slowly, of course, in the case of large glass elements. Th 
mating surfaces of glass and steel, and both sides of tt 
rubber, are coated with a thin layer of Araldite type 1 (he 
setting) cement (by Aero Research Ltd.). They are broug! 
together under light pressure, taking care that as few a 
bubbles as possible remain. The assembly, usually held 1 
a jig, is then baked for eight hours at 140°C, the lowe 
temperature at which satisfactory curing takes place. Coz 
siderable thought is usually needed to design a jig whic 
holds the components with the necessary accuracy, but whic 
does not strain the glass at any stage in the temperature cycl 
Bonds produced in this manner have a tensile strength ; 
room temperature of about 0-5-0-7 t/in.”, i.e. of the san 
order as glass itself. 


BONDING OF LARGE AREAS 


Most prisms are sufficiently rigid to withstand distortic 
even when under strain, but this is not always true of larg 
comparatively thin, plates such as mirrors, for which tl 
standard technique just described is unsuitable. 

Front aluminized flats, 4 x 2 x ?in. thick, were examin 
on the interferometer before and after being bonded on 
steel plates with yin. rubber interlayers. In most cas 
there was a slight change in fringe pattern. Much mo 
serious distortion of the glass occurred, however, when t 
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0 steel plates were themselves attached to their supporting 
mework. This was so even when great care was exercised 
flattening the steel plates, and in using a three-point 
port with spherical washers and seatings. Tests were 
‘refore carried out with thicker interlayers, and Gaco 
ber §in. thick and of 75° Shore hardness was used. It 
5 thought that with this thickness of rubber small dis- 
sions of the steel backing plate would not be transmitted 
che glass plate. 

oO investigate this point, a glass plate 4 x 2 in. was bonded 
ir its whole area, using a 4 in. interlayer, to a steel plate 
xX 3in. Provision was made for bending the steel plate 
‘gitudinally into a circular arc, the curvature of which 
ild be increased smoothly from zero in either sense, 
icave or conyex. Measurements of the curvature of both 
| steel and glass plates were obtained from observations 
'h two autocollimators, as shown schematically in Fig. 1. 


Ist autocollimator 


Ist glass rhomb 


glass front surface mirror 


Screws 
2nd glass rhomb 


2nd_ autocollimator 


Fig. 1. Arrangement for determining. curvatures of 
steel and glass plates. The curvature of the steel plate 
is greatly exaggerated 


eae of the glass plate are shown in Fig. 2 for 


1 be observed that in the nominally unstrained state (a) 
» glass is slightly convex and becomes flatter on making 
i steel plate concave (d and e). From measurements of 
fringe positions it is possible to deduce the average 
“vature of the glass plate under the five conditions, and 
vse results are shown in Fig. 3. 

Zig. 3 also gives the autocollimator results which are 
»tted to show the relation between the curvature of the 
ss plate and that of the steel plate. There is fairly close 
reement between the slopes for the two sets of results, 
2 of which is related to the average bending of the glass 
d the other to the difference between the ends. The glass 
ist therefore have been bent almost into a circular arc. 
e interferograms show the smaller transverse curvature to 
expected from elasticity theory. The autocollimator 
ults pass through the origin, since only changes in 
rvature can be measured in this way. 


> different conditions of bending of the steel plate. It - 
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It is apparent that, even for very small deflexions, the 
relation between the curvature of the glass and that of the 
steel is linear, the ratio of the two being 0:435. This means 
that a glass plate bonded in this manner will faithfully follow 
on a reduced scale the deflexions of the backing plate, the 
scaling factor depending, of course, on the thickness and 
elasticity of the glass and the rubber interlayer. 

As a result of this investigation, the methods of support 
shown in Fig. 4 were designed for large plates. The front 


(a) 


(d) 


Fig. 2. Interferograms of stressed glass plate 


(a) Steel plate unstrained. 

(b) Steel plate 1 min. convex. 
(c) Steel plate 2 min. convex. 
(d) Steel plate 1 min. concave. 
(e) Steel plate 2 min. concave. 


surface reflector shown in (a) is bonded by a form of geo- 
metric line and point attachment and the semi-reflector in 
(6) is bonded along the edges. Both plates when mounted 
were found to be adequately free from strain, and they were 
also satisfactory as regards optical stability and shock 
resistance. 


EXPERIMENTS WITH ARALDITE ADHESIVES 


As part of a general investigation into strain-free joints, 
bonding tests have been made with several types of Araldite 
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Tensile strength os were made using glass 
in. diameter (1 in.2 area) bonded between 


adhesive. 
specimens 14 


IOO" 
concave 


<—Bending of steel — 


50" 


convex 


O SO 


concave 


~Bending of glass + 


° x 


Fig. 3. Curvature of glass plate in relation to that of 


steel plate 
O = interferometer results; * = autocollimator results. 


Ratio on graph: glass/steel = 103/200. Base for glass = 
9-5cm. Base forsteel = 8-0cm. Actual ratio of curvatures: 


glass 103 x 8:0 
200 085 


= 0-435 


steel 


Plan 
(a) 
steel glass _—_ rubber 
ees aes 
Elevation 
(b) 


steel angle 
Section 


Fig. 4. Strain-free mounting of large glass plates 


(a) Front surface reflector. 
(6) Semi-reflector. 
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steel arms of the same diameters, and shaped to fit 
Avery tensile-test machine. These tests have been carri 
out over a range of temperatures. A laborato 
shock-tester, described later, has been constructed to pe 
investigation of the behaviour under shock of small bond 
specimens. 

It would be a great convenience if a cold-setting oat 
could be used for bonding, as this would simplify procedur 
and also reduce the risk of fracturing glassware from heal 
Unfortunately, for Service applications the strength of t 
cold-setting adhesives falls off at high temperatures, but th! 
may not be important for some uses. 

Room-temperature tests with cold-setting Araldite 101 gay 
metal-glass tensile strengths of 0-80 t/in.*, and with Araldi’ 
D, which is a later introduction, about 0-25 t/in. 2 Type 
however, loses less strength when hot. There was no sign 
ficant difference in strength between joints made with polish 
glass and those with fine-ground glass. A slight increase i 
strength is obtained if the joints are baked at about 80° 
for an hour, after cold setting, but they are relatively ve 
weak during this phase. 

At room temperature, with both type 101 and type | 
Araldite, failure of the joints sometimes occurred by failu 
of the glass, and examination of the type of fracture indicat 
that the glass was under strain. It was therefore decided 1 
investigate the effects of Gaco rubber inserts in cold-settin 
glass-metal bonds. It was found that the highest streng 
was obtained when the rubber was first cleaned with aceto 
(or ethyl acetate) and baked for four hours (or left for twent} 
four hours to dry out). Less satisfactory results we: 
obtained if the rubber were crazed by acid pickling, with tl 
intention of presenting a greater surface area. This mez 
have been because, despite care in cleaning and baking, ti 
rubber surface was still contaminated. 

With Araldite 101 the tensile strength at room temperatu 
of these rubber-glass-metal joints was about 0-2 t/in 
failure occurring at the rubber surface, and with type ~ 
about 0-1 t/in.2 These figures show that the rubber inse} 
reduces the tensile strength by a considerable factor and t’ 
resulting strength is too low for many applications. T: 
increased resilience may, however, offset the loss of streng* 
under shock conditions. In addition to the loss of streng* 
at room temperature, the effects of high and low temperatur 
have also to be considered. A similar loss of streng 
factor occurs with hot-setting Araldite (type 1). The mez 
strength of metal-metal joints is 5-1 t/in.?, whereas that wi 
a rubber insert is 0:5—0-7 t/in.2 (Glass cannot be used : 
the strength of the bond greatly exceeds the tensile streng 
of glass.) 

Glass-metal joints made with cold-setting Araldite 102, 1 
which about one-fifth by weight of powdered Gaco rubb 
had been added, gave strain-free joints, with a room temper! 
ture strength of 0-2 t/in.* A similar strength was attaine 
with Araldite 15, with a rubber interlayer. This adhesiv 
was mixed and applied cold, allowed to dry out and th 
cured hot, as for Araldite type 1. 

The tensile strength of various types of Araldite-bondd 
joint over the Service temperature range of —40 to +60° | 
is shown in Table 1. ‘‘Type 1” refers to glass-Gaco rubbe! 
metal joints made with hot-setting Araldite, type 1. Sua 
joints show increasingly high strength below 0° C, owing { 
progressive freezing of the rubber. The high strength i 
however, offset by the smaller resilience. ‘Type 101” in th 
table refers to glass-metal joints (without rubber interlaye| 
made with cold-setting Araldite 101, and “‘type D” to similé 
joints made with cold-setting Araldite ID: | 

| 
: 
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Table 1. Strength of Araldite-bonded joints 
, Temperature Tensile strength (t/in.2) 
CC) Type I Type 101 Type D 
—40 1:8 0:8* 0:25* 
PS - —20 £3 1:8 0:25* 
0 0°75 1-2 O225% 
20 0-48 0-80 0:25* 
40 0:40 0:40 0-20 
60 0-40 Orsi, 0-20 
* Denotes glass failure. 
TESTS WITH ‘‘FLEXIBLE’’ ARALDITE 


Towards the end of 1953 an experimental flexible form 
f Araldite was announced by Messrs. Aero Research Ltd. 
) be available for evaluation. The adhesive, No. 33/896, 
onsists of three components, A, B and C, the proportions 
f A to C being kept constant, whilst that of B may be 
hanged to vary the flexibility. 

Initially, three mixtures were prepared, those having the 
jaximum and minimum flexibility recommended by the 
janufacturers, and an intermediate mix. Subsequently a 
yurth mix was made and Table 2 shows the mixtures used, 
gether with the mean tensile strength of glass-steel joints 
t various temperatures. Finely divided aluminium powder— 
s used in aluminium paint—was added to all the mixes to 
acrease their viscosity when hot. This in turn increased the 
jickness of the adhesive layer, which was thought to be 
esirable to give greater stress relief in the joints, rubber 
iserts not being used. Curing was effected in all cases by 
aking at 100° C for three hours. 


| 


Table 2. Flexible Araldite 


Tensile strength 


Proportions (by weight) (t/in2.) 


Flexibility A Bol. G.uAl =35° C).18°.C:. 60°C 
Ainimum 100 505 6 aalO 18a a5 
ee 100 (Soe EA Oma LD Lee Ouw a Oca 
‘atermediate 100 Ptr eos 1.0: 1:6. 0°33 
100 100 6 = 10 1202013 


aximum. 


_ As expected, flexibility is gained at the expense of strength, 
articularly at higher temperatures. The 100: 65:6 (or 
7: 11:1) mix was thought to have adequate strength at 
ll temperatures, as all joint failures occurred by at least 
vartial rupture of the glass. Interferometric investigations 
howed that prisms cemented direct to Nilo plates with this 
1ix showed little more strain than corresponding prisms 
sonded with a Gaco rubber insert and Araldite type 1. 

Using aluminium powder as a filler the adhesive thickness 
vas found to be about 0-004 in. Subsequently, powdered 
Jass or silica has been substituted for the aluminium and 
un the mixture now used, 174 : 11B:1C:1°-5 silica by 


vith a room temperature strength of about 2-1 t/in.* Firing 
tials have shown that at normal temperatures the shock- 
sistance of such joints is comparable with that of those 
ade by the standard technique with Araldite type 1. 

~ Glass-to-metal bonding with flexible Araldite is much less 
xacting than with Araldite type 1 as no rubber interlayer is 
ised. Thus the usual steps of cleaning, drying, baking and 
coating of the rubber are eliminated. The curing process is 
Iso much shorter—three hours at 100° C compared with 
ight hours at 140°C. Since the glass does not have to be 
emoved from the oven at 100° C for coating with adhesive, 
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and the curing is at a lower temperature, the risk of fracture 
during processing is greatly reduced. For these reasons, 
much use has recently been made of flexible Araldite in the 
construction of prototype and other optical instruments. 


TESTS WITH SILICONES 


For Service use an optical instrument should be as resistant 
to shock as possible at temperature extremes as well as at 
normal temperatures. It was known that Gaco rubber lost 
its resilience progressively below 0° C and also during baking 
at temperatures above 150° C, although this is, of course, 
well above the highest temperature experienced in use. It 
was thought that silicones, as a general class of materials, 
deserved investigation because of their well-known property 
of tolerating temperature extremes. 

When the investigation was started available information 
indicated that, whereas natural or the usual synthetic rubbers 
could not be bonded to glass, silicone rubber probably could 
be. It was also thought that Araldite-type adhesives would 
not adhere satisfactorily to silicone rubber. These two 
indications suggested that direct bonding of glass to metal 
with a silicone resin or rubber would be the most hopeful 
approach and some tests were made in conjunction with 
Messrs. Midland Silicones Ltd. 

Tensile test specimens of glass steel bond were made with 
two different types of resin. In each case all surfaces were 
coated with resin, air-dried, assembled and then cured by 
placing in an oven which was raised to 200° C in two hours, 
and held at this temperature for a further two hours before 
cooling slowly. The mean tensile strength of joints made 
with resin MS993 was 0-33 t/in.2 at 18°C, but for resin 
F.3044 was only 0-02 t/in.? 

Some prisms and tensile test specimens were bonded by 
direct vulcanization of a silicone rubber layer (Silastomer 
6-128) between the glass and steel. The parts were first 
dipped in primer MS602, air-dried and then steam vulcanized 
for five minutes at 25 lb/in.”, followed by curing in an oven 
at 125°C for two hours. The glass parts were brought 
slowly up to temperature before vulcanization. The resulting 
tensile strength was only 0-04 t/in.2 and the rubber ayer 
was too soft and thick to ensure optical stability. Even so, 
such prisms stood up fairly well to firing trials, the low 
tensile strength being offset by the increased resilience. 

It was appreciated that the maximum strength of bond 
between the Silastomer and glass or steel could only be 
developed by a combination of high pressure and temperature, 
but it did not seem advisable to exceed materially the values 
already used because of the risk of fracturing optical com- 
ponents. Tests confirmed that the tensile strength of bonds 
made with Silastomer and Araldite type 1 was very low— 
about 0:04 t/in.* It was therefore thought that the most 
hopeful method would be to prepare a three-ply sandwich of 
silicone rubber between steel plates, and to bond this between 
an optical component and its base, using, say, flexible 
Araldite. In this way it was hoped that the maximum bond 
strength could be obtained and the hardness and thickness of 
the Silastomer more closely controlled. 

Initially a 4in. square sheet was made, comprising two 
¢a in. steel plates bonded with 33; in. Silastomer 80 of about 
50° Shore hardness. From this sheet were cut interlayers for 
tensile- and shock-testing, and for two prism assemblies for 
firing trials. The tensile strength appeared to depend on the 
region of the sheet from which the sample was cut, but was 
between 0-1 and 0-3 t/in.2 As discussed in the next section, 
the results of the firing and shock-testing trials were very 
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satisfactory, and showed that the silicone sandwich had a 
substantial advantage over other methods. For these tests, 
flexible Araldite was used for bonding the sandwich to the 
glass and steel. Still better shock resistance may be obtained 
by bonding with Araldite type 1, using a very thin metal 
layer in the sandwich to prevent straining the glass. 

Before the tests were undertaken, it was hoped that a 
fairly large sandwich could be made, from which individual 
requirements could be cut. However, it is now clear that 
small ‘‘tailor-made’’ sandwiches can be vulcanized more 
satisfactorily than large areas. 


SHOCK TESTING 


The resistance to shock of optical assemblies is usually 
studied in firing trials. The severity of attack is increased 
gradually by altering the calibre, velocity and angle of attack 
of the projectile which is fired at a structure to which the 
assembly is bolted. During the course of the experimental 
work already described the need was felt for a simple 
laboratory apparatus for shock testing, to supplement the 
results obtained from tensile tests, which give little direct 
information concerning resilience, and from firing trials, 
which are expensive and cumbersome. 

The apparatus shown in Fig. 5 was designed and built for 
he purpose. It consists essentially of three parts, a “bomb” 


slotted fixing hole 


chute 


anvil 


} 


~ (b) 


Tass 
Ip° (itim-oak 


ares c 


(a) 
Fig. 5. Laboratory shock tester 


(a) Chute and anvil (not to scale). 
(5) Bomb, cap and assembly ( x 4). 


containing the assembly under test, a chute which guides 
the bomb during fall, and an anvil on which the bomb is 
suddenly brought to rest. The bomb is a steel cylinder, 
3in. in diameter and 4in. long, with a cavity in one end. 
A steel cap, on to which a test assembly can be bonded, 
closes the end and is held in position with six screws. The 
total weight is about 9lb. The chute is of machined 3 in. 
angle iron about 9 ft high and is inclined at 15° to the vertical. 
The anvil is a block of steel, of 230 1b mass supported on a 
15° oak wedge, which in turn is supported by a mass concrete 
floor. Adjustments are provided on the chute so that its 
axis may be exactly normal to the striking face of the anvil; 
after sliding down and striking the anvil, the bomb then 
rebounds up the chute. Resilient material is arranged around 
the anvil so that no further damage is done after the primary 
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shock. The height of drop is raised successively in steps 
about 10% until failure occurs, which is readily detected by 
shaking the bomb. 

A bonded joint can be subjected to a sudden load in eithe 
tension or compression, according to whether the bomb i 
dropped with the test assembly inverted or upright. Th: 
former method normally gives lower heights of failure an 
is mostly used. The load on a bond may be increased b) 
adding an inertial mass of steel. Remembering that th: 
density of steel is about three times that of glass, it is eas) 
to calculate the thickness of steel required to simulate am 
given optical component. 

Table 3 shows the height of failure of various types 
optical bond on the shock tester, for shocks in tension. 4 


a rough basis for comparison, the type of attack found neces 


ary in firing trials to induce failure is also shown. 


Table 3. Comparison of shock resistance 
Corresponding | 
Height of failure, failure, 


Type of assembly Adhesive shock tester (ft) firing trial 
4 in. glass Flexible 1-2 2 pr. 30-60° 
1 in. steel Araldite 2000 f/s 
+ in. glass Araldite 1-2 2 pr. 30-60° 
1 in. steel type 1 2000 f/s 
Gaco interlayer or 6 pr. 60° | 

1600 f/s 

1 in. steel, direct Araldite 3 

to cap type 1 : 
iin. glass Flexible 44 17 pr. 60° | 
1 in. steel Araldite 2500 f/s 
3-ply silicone | 

sandwich ; 
4 in. glass Araldite 6 
1 in. steel type 1 
3-ply silicone 

sandwich 

CONCLUSIONS 


Glass-to-metal bonds of the highest strength are obtaine< 
with Araldite type 1 used in conjunction with a rubber stress 
relieving layer. Flexible Araldite (used without a rubbe: 
interlayer) produces bonds of comparable strength, excep 
at temperature extremes, using a technique which is les: 
exacting than that for Araldite type 1. Bonds produced wit! 
the various forms of cold-setting Araldite introduce strair 
into all but the smallest glass components at normal tempera 
tures and are of low strength at high temperatures. Inter 
layers of silicone rubber, suitable sandwiched, promise t« 
maintain the strength and resilience of glass-to-metal bond: 
at temperature extremes. Special measures must be taken t« 
prevent large, comparatively thin, components from bein; 
distorted when mounted. 
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A formula is given for the effective coefficient of friction in terms of the constants of the power 
law of friction, the angle of wrap, and the on-going tension, for strings traversing cylinders 


transversely or slantwise. 
quickly and simply, is also given. 


A table, which enables this coefficient of friction to be computed 
Some experimental evidence for the accuracy of the formula 


for the slantwise case is described, while references to the experimental evidence in the transverse 
if case are given. 


{ 


\ 

is now known that Amontons’ law—that the frictional 
ce is directly proportional to the normal load—does not 
yld in many cases. Over the last few years, many workers 
ie found that, in fact, the frictional force is directly pro- 
ortional to a power (less than unity) of the normal load. 
‘It is, however, difficult to think in terms of the two con- 
ants involved in this power law, one of which has rather 
wkward dimensions, and in the important case of strings 
aversing cylinders (slantwise or transversely) the authors 
ive defined an “effective” coefficient of friction, wz, which 
ables some well-known formulae, derived for cases where 
montons’ law holds, to be applied when Amontons’ law 
not obeyed. (It should be noted that pz is not independent 
* the initial tension or of the cylinder radius.) 

The authors certainly find it much easier to think in terms 
> this effective coefficient of friction than in terms of the 
riginal power law while, in addition, it shows the quan- 
tative effects of this law quite clearly. Further, Table 1 
iables computations to be carried out much more quickly 
ad easily than by handling the power law directly. 
Experimental evidence of the accuracy of the power law 
hen strings traverse cylinders transversely has been given 
y various authors and is referred to here. However, in many 
ractical cases, strings traverse cylinders in a slantwise 
lanner and, in the last section of the present paper, some 
“periments carried out to verify theoretical calculations of 
hat happens in such cases are described. 


TRINGS TRAVERSING CYLINDERS TRANSVERSELY 


Tt has now been established by a number of workers !-?) 
lat in many cases of sliding friction, where one surface is 
on-metallic, the frictional force F (per unit apparent area 
r per unit length, according to circumstances) is related to 
1 normal load L (either per unit apparent area_cr per unit 
ngth) by a relation of the form 


1d CEG (1) 


here K and n are independent of L, but depend on the 
sometrical configuration involved (and on other factors 
ich as the roughness, the temperature and the relative 
slocity of the contacting surfaces). The dependence of K 
ad n on these factors has been discussed in some detail 
sewhere by one of the present authors.“ !) [In reference 


of contact, and hence, of the geometrical configuration” 
and of the surface roughness, provided this is not exces- 
sive.“°: 12) [The exceptions include the cases of soft metals!) 
(e.g. indium and lead) at relatively low normal loads, of 
harder metals at very low normal loads“4-!® and in the 
presence of thin film lubrication.“'>» !7:!8)] Then equation (1) 
becomes 

P= ub (2) 


which is one of Amontons’ laws. 

For a string traversing a cylinder transversely, where 7, 
T> are the on-going and the off-going tensions, @ is the angle 
of wrap and the law of friction is given by equation (1), then 
it follows“! 19-2) that 


Ti-" — T)-" = K(-—'n)p!-*0 (3) 


where p is the radius of the cylinder. This equation has been 
verified experimentally in several ways, i.e. the tension 7, 
has been measured: 


(i) with p, 8 maintained constant and 7, varied (11.202); 
(ii) with p, T,; maintained constant and @ varied“); and 


(iii) with T,, 9 maintained constant and p varied.@3, 7 


When n= 1, equation (2) is satisfied and, taking the 
limiting form of equation (3) as n> 1, we obtain the welle 
known equation 

T/T, = exp (18) (4) 


Now it is not easy, given a set of values of 7;, T>, 0, K, 
n and p satisfying equation (3), to determine the equivalent 
value of “‘j.’”’ (which we’ shall call the equivalent coefficient 
of friction zg) such that T>/T, is the same whether calculated 
by equations (3) or (4). In any case, an appreciable amount 
of computation is required to handle equation (3). However, 
we shall give a transformation of equation (3) into the form 
of equation (4) which gives a simple formula for ug, which 
shows clearly how T, depends on the other parameters and, 
finally, which, by means of the table below, enables com- 
putations to be carried out quickly and easily. 

Dividing equation (3) by 7!~” and taking logarithms we 
have 


(1 — n) log, (T>/T;) = log, [1 + K( — n)(p/T,)'!~"0] 


Hence, writing 


0), law (1) is derived from an hypothesis about the deforma- y=K(p/T,)'-"; =A — n)y@ (5) 

on of the asperities on the surfaces, assuming the validity 

f the adhesion theory of friction.] we see that 

In many cases of metal sliding on metal, n is unity and Tai ah 

“(which i then usually replaced by the symbol yu and called CAD HOB AMA Nieto et roe oeD [29] (6) 

e coefficient of friction) is independent of the apparent area where Lee = y[(1/¢) log. 1 + $)] (7) 
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By expansion, provided || < 1, we have 


2 3 
f(¢) = (1/4) log. A + ¢) = 1 ane Lene res 


Values of this function are given in Table 1. 


Table 1. Values of function f(¢) = (1/4) log. (1 + 4) 
p 0 0-1 0:2 0:3 0:4 0-5 
f(d) 1:000 0-953 0-912 0:875 0-841 0O-8il1 
d 0-6 0-7 0:8 0-9 1-0 [Poa 
f(¢) 0-783 0-758 0-734 0-713 0-693 0-674 
to) lan 13 1-4 las} 1-6 Wi, 
f(d) 0-657 0-641 0-618 0-611 0:597 0-584 
d 1:8 19 GEAY Deal Dey, IL) 
f() 03572 02560:50"549) = 10-538-— 0-528) (10-519 
co) 2°4 MoS) 2°6 Dell 2°8 299) 
f(P) 0:509 0-501 0-492 0-484 0:477 0-469 


Simple approximations to f(d) are: (i) 1 — (¢/2) and 
(ii) 1 + ¢/2)~!, the latter being quite close, 


[thus for ¢=0:2 0-5 1-0 
(1 + ¢/2)-! = 0-909 0-800 0-667 


It can be seen, from equation (7), that, for small values 


of ¢, 


2:0 
0-500]. 


be ~ y= K(p/T)) 


We now discuss the order of magnitude of the friction 
parameters so far as experiments to date have found. All 
the values to be quoted were obtained with the yarns traversing 
smooth glass rods at room temperature and at constant 
relative humidity." The lowest value of n = 0:73 was 
obtained with a continuous filament Nylon yarn running at 
a speed of 70 cm/s, while the highest value (0-98) occurred 
with a cotton yarn at a speed of 12 cm/s. The lowest value 
of K = 0:27 was obtained with a spun Nylon yarn at a speed 
of 19 cm/s, and the highest value (1:00) was obtained with 
a continuous filament Nylon yarn at 70 cm/s. 

If p is measured in cm and T;, in g wt, p/7, will lie between 
10? and 10-4 cm/g wt in all practical cases. Despite this 
large range in p/T,, (p/T;)!~" is a comparatively slowly 
varying factor as shown in Table 2, where the cases n = 0-90 
and n = 0-75 are considered. In most practical applications 
outside textile technology, ropes, strings and yarns are of a 
“spun” nature where several strands are twisted together. 
For these, 7 usually lies between 0-89 and 1 and, as Table 2 
shows, Gli par then will lie between 0:4 and 1-6. In some 
textile processes, however, monofilaments of synthetic 
materials (e.g. Nylon) are used and for these, m may be as 
low as 0:75 with, as Table 2 shows, a much larger practical 
range for (p/T,)!~”. 


Table 2. Typical values of (p/T,)'~” 
p/T, 102 10 LO a 102 10 8 eel Ores 
(p/T,)°!9 1-59 1:26 0:79 0:63 0-50 0-40 
(pili) 2 SEG els SO Ok O52 une Oat Samm a1) 


Finally, in handling equation (3), a point arises when the 
dimensions of K are considered. Now, for strings traversing 
cylinders, it is usual to take F and L as forces per unit length, 
and then K has the dimensions [Mz~?]!~”, where [M] 
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represents the dimensions of mass and [7] the dimensions 
time. Consequently, conversion from one set of units t 
another is often a matter of some difficulty. If, howeve 
we put K = v!~” then v has the dimensions [M7 ~*] and ca 
be converted quite simply. In the authors’ notation it ca 
be seen, from equation (5), that y = (vp/T,)!”. Howeve 
in the present work, values of K in [g wt/cm]!~” are quote 
so that direct comparison with published values may 
effected. 


STRINGS TRAVERSING CYLINDERS SLANTWISE 


In many practical cases, strings do not traverse cylinde: 
in a transverse but in a slantwise direction, and the equatio 
of the previous section cannot be applied without furth 
consideration. However, one of the present authors he 
already considered the subject theoretically?» and has show} 
that strings traversing cylinders slantwise have two importa 
properties, namely: 


(i) the tangent to the string at any point always makes tl 
same angle (€ say) with the cylinder axis (in othe 
words, the string path is a helix); and 

(ii) provided the power law of friction (1) holds then, if | 
is the angle between the projection of the off-going an 
on-going portions of the string on a plane perpendiculz 
to the axis, relation (3) becomes modified to 


Ba sen De es K(1 eis n)p' "ys sin2#=1C (1¢ 


It can be seen by comparing equations (10) and (3) that th 
previous equations (5), (6) and (7) still hold, provided @ 
replaced by % sin?”~! €. 

No experimental work on the frictional behaviour « 
strings traversing cylinders slantwise seems to have bee 
published and the authors decided, therefore, to test equ: 
tion (10) in a number of cases. To do this the followin 
technique was used. 

Starting with the string traversing the cylinder tran 
versely, as shown in the figure, the cylinder was turned abo: 
the line bisecting the on-going and off-going portions of th 
string (in the figure this line is the co-ordinate axis OX 


Illustration of the way in which 7s and ¢ were varied 


It can be proved that if the angle between off-going an 
on-going portions is kept fixed at 2x and that the rotatio 
about OX is B, then ¢ and %, as defined above, are given b 


cos €=sinasinB, cos es = cos a/sin £ (1 
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The angles between the cylinder axis and both the off- 
ing and on-going portions are then the same. This may 
t appear so at first glance at the figure, but it should be 
ted that in the figure the angle between OZ’ and the 
-going portion (with tension 7;) is ¢ and that between 
7’ and the off-going portion (with tension T>) is. 7/2 — C. 
The experimental arrangement was such that the lengths 
the on-going and off-going portions were large compared 
th the cylinder radius, and then corrections due to the fact 
tt these portions were not co-planar (except when B = 0 
d 6 = 7) were small. By altering « and f one can achieve 
y combination of ys and ¢, though it is most convenient 
Keep « fixed and to vary 8. Tests were carried out for a 
mber of values of ~, but most work was done at « = 75°, 
ice, from the point of view of testing equation (10), this 
lue gave a fairly rapid change of %sin2"—!C with B 
specially in the range 7/3 <8 < 27/3). Again, small 
lues of « are rather close to the purely transverse case, 
ile for higher values of «, errors in measuring « itself 
come serious. 7; was set to a predetermined value and the 
io T,/T, was measured using the friction tester designed 
' Buckle and Pollitt.¢® A number of experiments were 
nducted with various types of yarn traversing glass rods 
d at various values of «. 

Table 3 shows some of the results obtained. Here the 
Iculated values of 7, are obtained by using the values of n 


(2) LINcoLN, B. Brit. J. Appl. Phys., 3, p. 260 (1952). 

(3) Guturiz, J. S., and Oxiver, P. H. J. Text. Inst., 
Manchr., 43, p. T579 (1952). 

(4) Howet., H. G., and Mazur, J. J. Text. Inst., Manchr., 
44, p. T59 (1953). 

(5) Howeit, H. G. J. Text. Inst., Manchr., 45, p. T575 
(1954). 

(6) CHAPMAN, J. A., Pascoz, M. W., and Tasor, D. 
J. Text. Inst., Manchr., 46, p. P3 (1955). 

(7) Pascoz, M. W., and Tasor, D. Research, 8, p. S15 — 
(1955). 

(8) Lorp, E. J. Text. Inst., Manchr., 46, p. P41 (1955). 


(9) Mazur, J. J. Text. Inst., Manchr., 46, p. T712 
(1955). 

(10) RUBENSTEIN, C. Proc. Phys. Soc. [London] B, 69, p. 921 
(1956). 

(11) RuBENSTEIN, C. J. Text. Inst., Manchr., 49, p. T13 
(1958). 


(12) STRANG, C. D., and Lewis, C. R. J. Appl. Phys., 20, 
p. 1164 (1949). 

(13) McFarLAng, J. S., and TABor, D. Proc. Roy. Soc. A, 
202, p. 244 (1950). 

(14) Martin, A. J. P., and MITTELMANN, R. J. Text. Inst., 
Manchr., 37, p. 1269 (1946). 

(15) WHITEHEAD, J: R. Proc. Roy. Soc. A, 201, p. 109 (1950). 

(16) Witson, R. Proc. Roy. Soc. A, 212, p. 450 (1952). 


Table 3. Observed and calculated values of T> (in g wt) 
Yarn Nylon monofilament Spun Nylon Spun viscose Spun Nylon Nylon monofilament 
p (cm) 0-29 0:29 0:24 0-24 0:24 
n 0-76 0:89 0-89 0-89 0:76 
yst-fit K 0°61 0-31 0:32 0-31 0:69 
vansverse K 0:61-0:63 0:30-0:32 0:33-0:35 0:30-0:32 0:61-0:63 
(eg Sy Sy ee ii” 153 
(g wt) 10 15 20 20 12 
T, T T, T T) 
6 obs. calc obs. calc obs. calc obs calc. obs calc. 
0 sSo-7/9f 18-83 24-75 24-31 2236 DoS NVI [Ms 22-07 13-70 13-78 
30° 1S OOPS 89 24-75 24-39 22-42 2221 POUR 22-10 13-98 13-96 
60° 19-70 19-75 25-28 DS 32 22:56 225i. 22:06 22-48 14-63 14-55 
Tey, 20-00 20-24 25-90 25-90 2302 23203 22-84 22/298 16-51 SPO 7 
90° 21-00 Oman 26:47 26:63 24-90 24-75 24-08 24:60 2A 19-88 
105° Diese 2150 27°30 27:40 30-46 30°85 30-04 30-42 26°58 26-02 
120° 22-50 22:68 28-34 28-66 STEROL MNT ST BelO 36°84 31-76 3202 
150° 23-10 23-47 29-39 29-97) SVL S189 50-70 50-42 — — 


9m transverse experiments !!» 2" and choosing those values 
K (to two significant figures) which gave the best fit. 

The running speed of the yarns was 32-5 cm/s, the yarns 
sre lubricated by their normal production finish, the room 
mperature varied between 66° and 68° F and the humidity 
‘tween 64 and 66% r.h. 

The agreement between observed and calculated values 
mn be seen to be good in most conditions, except that, for 
ylon monofilament at « = 75°, B = 75° and 90°, the cal- 
lated values were lower than the observed. In this particular 
periment, too, the value of K was unusually high (0-69). 
owever, the authors’ conclusions are that equation (10) 
ves, in general, values of 7, in close agreement with 
served values. 
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Elastic strains of up to 4% can be attained in a copper—aluminium-nickel alloy in the form of a 

single crystal suitably heat treated. The high elasticity is due to a reversible martensite trans- 

The methods of production and heat treatment of large 

crystals are described together with details of mechanical properties. The alloy can be machined 

by conventional methods. Suggestions are made for the development of other super-elastic 
alloys. 


formation induced by stressing. 


In order that electrical resistance strain gauges may be 
calibrated at strains of up to 2% it is necessary that the 
calibration bar to which the gauges are affixed must be 
strained to 2°% and then unloaded on each calibration run. 
If the bar is to have a reasonable life it is necessary that it 
should be elastic, or very nearly so, up to 2% strain, since 
failure is to be expected when the total of the plastic strains 
suffered by the bar during cyclic straining reaches a value 
slightly in excess of the elongation at failure as measured in 
a static tensile test. 

Since the limiting elastic strains of the best spring materials 
(e.g. phosphor-bronze, beryllium copper) are approximately 
0:5%, the calibration procedure would necessitate over- 
straining the bar by 1-:5% on each half-cycle. The ductility 
of these materials is very low (2°%-5 % elongation at fracture) 
and fracture of the bar would ensue after a few cycles. With 
more ductile, but less elastic, alloys the situation would be 
little improved and most materials would fail in 50 cycles or 
less. 

During elastic deformation of most metals and alloys the 
application of stress causes changes in the interatomic 
distances, these changes increasing linearly with the applied 
stress. On release of the stress the atoms return to their 
original positions and the specimen assumes its original 
shape. This elastic behaviour continues until, at a certain 
strain, plastic flow takes place and the material acquires a 
permanent set. 

There is one class of alloys in which the mechanism of 
deformation is quite different. These possess a high elasticity 
due to a martensitic transformation. It was alloys of this 
type which were considered to be possible materials for a 
calibration bar capable of high elastic strains. 


MARTENSITE FORMATION AND SUPER-ELASTIC 
ALLOYS 


A large number of alloys are known to undergo martensitic 
transformations. On cooling below a critical temperature 
(the M, temperature) or stressing at a temperature slightly in 
excess of M,, small lenticular regions of a new phase appear 
throughout the matrix. This new martensitic phase is 
generated by co-operative atomic movements in the parent 
matrix and with further cooling or increased stressing these 
lenticular regions increase in size and number. The mar- 
tensitic phase has the same composition but a crystal structure 
different from that of the matrix. 

On stressing, the martensite forms in such orientations as 
to generate strains which tend to relieve the applied stress. 
Accommodation stresses are set up due to the shearing 
movements involved in the transformation and also to the 
difference in specific volume of the parent and martensitic 
phases. In most alloys these cause plastic deformation of the 
matrix and consequently the martensite does not disappear 
on release of stress or on heating back to the M, temperature. 
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There are, however, a few alloys in which the acco 
modation stresses are borne elastically by the matrix. ) 
these, the martensite is both thermally and mechanical 
elastic. In order that these alloys should be capable of hig 
elastic strains they must be in the form of a single cryst 
since in polycrystals much of the martensite formed at hig} 
strains is non-elastic. The alloys known to exhibit this pheniy 
menon are gold-cadmium,“) indium-thallium,® coppe} 
gold-zinc,2) and copper—aluminium-nickel,™ the cor 
position ranges over which the transformation takes plat ' 
being very limited. 


PRODUCTION OF A SUPER-ELASTIG-ALLOY 


(a) Composition. Of the four alloys mentioned above t 
copper—aluminium-nickel satisfies the requirements of boy 
economy and corrosion resistance. The composition ran4 
over which the martensite transformation occurs with the 
below room temperature is 1-5% to 3% nickel by weiglt 
14-5°% aluminium and the remainder copper.“ 
experiments showed that alloys of composition 3% nicke¢ 
14-5% aluminium, 82:5 % copper were capable of high elasi# 
strains and this composition was chosen for further work. || 

(6b) Melting and casting. The constituent metals we 
electrolytic copper of 99-996 °% purity, aluminium of 99-995 
purity and nickel of 99:9% purity. In order that meltir 
temperatures should be kept to a reasonable level, a 50- 
copper-nickel master alloy was made by induction melti 
and used for all nickel additions to the melts. Melting wij 
done in a graphite crucible heated in a gas-fired furnac) 
The cupro-nickel was dissolved in the molten copper and t! 
aluminium added. The melt was cast into the form of a b/ 
approximately ? x }? x 18 in. in a horizontal graphite mou! 
pre-heated at one end to minimize pipe formation. The ing}! 
was allowed to air-cool. : 

(c) The growth of single crystals. Single crystals we 
grown by slow cooling from the melt. The bar was embedd¢ 
in alumina powder in an open-topped silica boat, the wh 
being heated in air in a platinum-wound horizontal tulj 
furnace. When the bar was molten a pointed “tail” w: 
drawn from one end of the melt and left exposed above tli 
surface of the alumina. The temperature of the melt w: 
raised to 1280° C, some 200° C above the liquidus temperatu| 
to aid dissolution of the impurities which might have actdl 
as nucleation centres. The silica boat was then withdraw 
from the furnace at the rate of 5 in./h. Solidification started 
at the pointed tail and ideally a single nucleus should hay 
been formed here and grown throughout the bar. In ma 
cases, however, a few crystals formed during the initial stagy 
of solidification and usually one of these, by virtue of i 
orientation, soon outstripped the others in its growth ar 
filled nearly the whole section of the bar. Nucleation som} 
times took place at surface irregularities, but the growth « 
these nuclei could be restricted by ensuring that the soli 


VoL. 9, JUNE 1958 


¥ 


A “super-elastic’’ single 


lid interface was convex towards the liquid. This was 
1e by having a minimum of refractory packing at the 
il,” allowing it to radiate freely and thus withdraw heat 
m the centre of the bar. 
Che macro-structure of the slowly cooled bar could be 
‘eloped by etching in 50% nitric acid, although for reasons 
ntioned later, it is preferable not to etch at this stage. 
gle crystals of cross-section # x #in. and of maximum 
gth 12 in. were produced. In this slowly cooled condition 
alloy was rather brittle but could be machined by the 
ial methods of shaping, turning and grinding. 
[here was no marked tendency for zone refining to take 
ce during the growth of single crystals. Typical analyses 
the first-cooled and last-cooled ends of a bar are, 


pectively: | 


Copper 82:60% aluminium 14-36% nickel 3-04% 
1 copper 82:67% aluminium 14:25% nickel 3:08% 


+ nominal composition of the bar being: 
Copper 82-50% nickel 3-00% 


d) Heat-treatment. The heat treatment procedure is best 
derstood by reference to Fig. 1 a psuedo-binary section of 
: copper—nickel—aluminium phase diagram at 3% nickel.©) 
e alloy composition corresponds to the dotted ordinate at 
-S% aluminium. 


aluminium 14-50% 


900 


TEMPERATURE (°C) 


600 


ALUMINIUM WT.(%) 
Section of the copper—nickel-aluminium phase 
diagram at 3% nickel (after Alexander) 


Fig. 1. 


The as-grown single crystals possess an inhomogeneous cast 
sucture. The heat-treatment necessary to bring them into a 
per-elastic condition is governed by three factors, namely: 


(i) It is the high temperature B-phase in which the mar- 
tensite transformation occurs. It is therefore necessary 
to homogenize the alloy by heating in the f-phase 
field and to retain the B-phase by quenching. 


VoL. 9, JUNE 1958 Zo1 


crystal calibration bar 


(ii) Since either cooling or stressing will cause martensite 
formation, the effect of internal stresses is to cause an 
increase of the M, temperature. The thermal stresses 
produced during the quenching operation give rise to 
a gradient in M, temperature through the cross-section, 
this being highest at the surface and decreasing with 
increasing distance below the surface. 

If a specimen is quenched too rapidly the M, 
temperature of the surface regions may be greater than 
room temperature. The specimen will then consist of 
a martensitic rim and an inner untransformed region, 
the M, temperature at their junction being just below 
room temperature. On stressing, martensite would 
form firstly at this junction. As explained later this 
martensite would not be reversible since the M, 
temperature here is not sufficiently far below room 
temperature. Such a specimen would not be elastic. 
For reversibility of the martensite it is preferable that 
the M, temperature should be —10° C. 

Quenching stresses may be considerably reduced by 
ensuring that the bar is of the smallest cross-section 
possible and free of any sharp corners. Also the bar 
should be quenched slowly and in such a manner that 
some heat is extracted from the centre of the bar as 
well as from its surface. This is done by lowering the 
bar vertically into the quenching bath at a slow rate. 


The limiting elastic strain of the alloy may be increased 
by hardening the $-matrix with a small amount of 
6 precipitate. As mentioned earlier it is necessary that 
the accommodation stresses around the martensite are 
borne elastically by the matrix. By hardening the 
matrix more martensite can be accommodated elastic- 
ally and thus higher strains can be achieved. 


(iii) 


Conditions (ii) and (iii) are satisfied by a slow oil quench 
from a temperature just above the 8/8 + 6 boundary since 
6 precipitation occurs during such a quench. The heat- 
treatment adopted was homogenization for 15h at 960° C, 
followed by furnace cooling to 800° C over a period of two 
hours. In quenching, the bar was lowered vertically into an 
oil quenching bath at the rate of approximately 3 ft/min. 

During heat treatment the bar was packed in alumina 
powder to minimize high temperature oxidation. It was 
found that the composition change in oxidized regions was 
such as to cause an increase in the M, temperature and thus 
these regions were martensitic at room temperature. This 
martensite could, under low stresses, propagate non-elastically 
along the surface of the bar and thus give rise to plastic 
deformation. For this reason it is preferable, as mentioned 
earlier, that the bar should not be macro-etched following the 
slow cooling from the melt since etching removes the pro- 
tective aluminium oxide skin and renders the alloy more 
liable to high temperature oxidation. 30° nitric acid was 
used for macro-etching the heat-treated alloy. Any mar- 
tensite present is readily distinguished since it etches to a 
brassy colour, whilst the B-matrix is copper-coloured. 

(e) Machining. Following heat-treatment the bars were 
machined to remove surface irregularities and any surface 
crystals. If no martensite appeared on the surface of the 
bar on cooling to —10° C, grinding, lathe turning and even 
milling or shaping could be carried out without fear of over- 
stressing the bar and causing large-scale formation of 
martensite. Actually a very thin layer of martensite is formed 
at the worked surface but this does not propagate and may 
be removed by etching. 

If the M, temperature at the surface of the bar is greater 
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than —10° C, the surface regions of high M, may be removed 
by careful machining, light surface grinding being the most 
satisfactory method. 


MECHANICAL PROPERTIES 


Tension, compression and four-point bend tests were 
carried out on specimens cut from single crystal bars. A 
typical set of stress-strain curves is shown in Fig. 2. At 


4 


Nm 


Stress «10° (Ib/in2) 
Ww 


———| Percentage strain 
6 1% Tisha, Mae 


Fig. 2. Surface stress against surface strain curves in 
four-point bending 


high strains the curve becomes almost horizontal and on 
unloading the stress must drop appreciably before the strain 
decreases, i.e. the stress required to form a particular 
martensite plate is greater than the stress at which this plate 
disappears. Microscopic observation has shown that during 
unloading the martensite plates disappear in the reverse order 
to their appearance during the loading cycle. From the few 
experiments carried out on specimens with various M, 
temperatures, it seems that with increasing M, there is an 
increase in the difference of the stresses required for the 
formation and the disappearance of the martensite. Thus the 
hysteresis loop becomes larger and, in particular, when M, 
is close to room temperature the unloading curve falls almost 
vertically and the specimen acquires a large permanent set. 

With properly heat-treated specimens the permanent set 
was always less than 1% of the maximum imposed strain. 
The nature of the curves varied with the amount of 6 precipi- 
tate present and would, of course, be expected to vary with 
crystal orientation. 

A single fatigue test was made. A cylindrical specimen was 
tested in plane bending, the surface strain limits being +2°%. 
The fatigue life was 53000 cycles. Under such conditions 
most materials would fail in 50 cycles or less. 


POSSIBLE DEVELOPMENT OF SUPER ELASTIC 
ALLOYS 


Although there are, at present, only four alloys known to 
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exhibit elastic martensite transformations, more alloys cou 
no doubt be developed from those known to undergo noifj 
elastic transformations. The only requirements appear to 
that the M, temperature should be approximately —10° 
and that the matrix should be stiffened, either by solution 
precipitation hardening, to such an extent that the acco 
modation stresses do not cause plastic deformation. It shou 
be possible to adjust the M, temperature and the streng#) 
of the matrix by alloying additions. | 
It is to be noted that the super-elastic behaviour need n 
be confined to room temperature. Either high or low fT 
perature elasticity should be possible provided that the 
temperature is correspondingly adjusted by alloying. 
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SPECIAL ARTICLE 


Recent developments in electron microscopy* 
By V. E. Cosstett, Ph.D., F.Inst.P., Cavendish Laboratory, Cambridge 


The new high resolution electron microscopes have made possible the imaging of molecular 
lattices directly and of metal lattices by the moiré effects they give when superimposed. Dis- 
locations can be observed both in such patterns and also in thin metal foils, in which their 
motion can be followed by electron cine-photography. In biology the trend is towards critical 
examination. of the various stages in cutting thin sections—fixation, dehydration, embedding 


and sectioning—to control artefacts and to improve contrast. 


For this purpose the use of 


compounds of heavy elements as “electron stains” is being actively explored. Their value is 
illustrated by a study of the localization of nucleic acid in the cell nucleus and in sperm. Of 
/ two new departures in instrument design the first is the development of scanning electron 


microscopes: recording the scattered electrons shows the surface relief of solid specimens, 
\. recording the emitted characteristic X-rays shows the distribution of a particular element. In 
\ the second place, electron interference phenomena have been studied in some detail and the 


first tentative results obtained with a type of electron interference microscope, which would 
allow the measurement of inner potential as well as the thickness of very thin films. 


_ Progress in electron microscopy has continued to be rapid. 
For purposes of convenience recent developments can be 
divided into those which. exploit the high resolving power 
and high working magnification of the most modern type of 
instrument—these are mainly in metal physics—those which 
are concerned with refining and using for analytical purposes 
the established preparative methods at more moderate 
resolution—these are mainly biological—and thirdly, the 
exploration of some quite new electron microscopical instru- 
ments, of which the most important appear to be the inter- 
ference and scanning microscopes. Any short review such 
“as this is bound to be highly. selective; only those develop- 
ments have been included which promise to open up entirely 
new fields of research and, for the most part, they are 
illustrated by work in progress in this country. 


DIRECT IMAGING OF MOLECULAR LATTICES 


Until recently only the lattice structure of macro-molecular 
_compounds had been made visible in the electron microscope. 
Hall“: 2) obtained adequate resolution of certain planes in 
-edestin and insulin crystals, of lattice spacing 70 and 40A 
tespectively. The very high resolving power (less than 10 A) 
of the new commercial models (Siemens Elmiskop; Metro- 
politan-Vickers EM6) offers the possibility of imaging the 
lattices of small-molecular compounds. Best results are 
obtained from crystals in which planes containing a heavy 
concentration of scattering centres are parallel (or almost so) 
to the incident electron beam. Menter) selected the metal 
phthalocyanines for investigation, in which the (201) planes 
are heavily loaded with metal atoms (Cu, Pt, Au, Ni) and 
are disposed almost normal to the extended faces of the 
crystals, which have a ribbon habit. He obtained excellent 
resolution of the copper and platinum salts and even of the 
simple phthalocyanine, which contains hydrogen in place 
-of the metal atoms. This result suggested that electron 
diffraction rather than simple image formation was involved 
and detailed investigation has shown this to be correct. 
Independently of Menter’s work, Niehrs, in von Laue’s 
laboratory, had been investigating theoretically the possibility 
of resolving crystal lattices, using the dynamical theory of 
electron diffraction. He found that it should be possible, 
but predicted also a dependence of “‘visibility’? on crystal 
thickness which would allow quite thick layers (of the order 
‘of 2000 A) to be resolved. So far, the results of neither 
Menter nor Neider®) have supported this prediction and its 


* Based on a lecture delivered to The Institute of Physics 
Convention, Oxford, on 12 July, 1957. 
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detailed investigation will provide an interesting test of the 
dynamical theory. 

The resolution of a microscope for a line object is three or 
four times better than that for point-point separation, on 
which the classical definition and test of resolving power are 
based. Efforts to resolve still finer lattices have, therefore, 
continued and Menter and Bassett) were able to get a clear 
picture of the (020) planes in molybdenum trioxide which have 
a spacing of only 6-9 A (Fig. 1, p. 273). It is to be expected . 
that spacings of 2-5-3 A will be resolved, in existing electron 
microscopes, if crystals can be prepared in suitable orientation 
and can be kept free of the blanketing layer of carbonaceous 
material which only too readily forms on any surface exposed 
to an electron beam. That sufficient contrast would be pro- 
vided, by what would be only a few rows of atoms, has been 
shown by the calculations of Haine‘ on electron scattering. 


PATTERNS FROM CROSSED LATTICES; 
OBSERVATION OF DISLOCATIONS 


In the experiments just described, the crystal presents in 
effect a plane grating to the electron wavefront. Some 
years ago very similar line patterns, but with much larger 
spacing, were observed independently by Mitsuishi, Nagasaki 
and Uyeda,®) Hillier and Farrant.¢® They occurred 
where thin lamellar crystals overlapped, as in clays, and, 
after some difference of opinion as to their origin, were 
correctly interpreted by Dowell, Farrant and Rees!) as 
moiré patterns arising from diffraction by two superimposed 
gratings. The pattern spacing was shown to be a multiple 
of that of the parent lattices, depending on their relative 
orientation. Fig. 2 (p. 273) shows two crystals of molybdenum 
trioxide in crossed orientation, giving narrow spacing. The 
fact that the complementary pattern appeared clearly in 
dark field (Fig. 6 of Ref. 12) indicated that it is essentially 
a diffraction phenomenon. Mathematically presented, the 
pattern depends on the mutual positions of the scattering 
centres in the upper and lower lattices, and thus is related to 
the Patterson distribution familiar in X-ray crystallographic 
analysis, as shown in detail by Dowell, Farrant and Rees.“!”) 
For crystals in almost parallel orientation they find that the 
fringe systems are, in fact, the terms of the Patterson series. 
The pattern is more complicated, but conforms to the same 
rules, when the two lattices are not identical. The possibility 
thus presents itself of crossing a crystal of known with one 
of unknown structure, and deducing information about the 
latter from the moiré pattern, which would be of great help 
to X-ray analysis. 

It was then shown by Hashimoto and Uyeda !*) that, in 
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such crossed lattices, defects in one of them would still 
appear in the resultant pattern. This result was at once 
confirmed, and investigated at much higher resolution by 
Pashley, Menter and Bassett.“4 They obtained super- 
imposed lattices of the same form but with slightly differing 
spacing, by epitaxial growth of one metal evaporated on to 
another—platinum or palladium on gold, for instance. The 
moiré spacing is then simply a beat effect: if one lattice 
spacing differs from the other by 5%, they reinforce at every 
twenty spacings of the smaller lattice. That a defect, such 
as an edge dislocation, in one lattice would be evident in the 
resultant pattern was shown by means of an optical analogue. 
The electron micrographs provided many examples of dislo- 
cations which had arisen during growth of the crystals (Fig. 3, 
p. 273). Edge dislocations had occasionally been observed 
by Menter®) in crystals of phthalocyanines, but in these metal 
films they occur much more frequently and in circumstances 
where their initiation and behaviour (under thermal treat- 
ment, for instance) is more open to experimental study. 


DISLOCATIONS IN MOTION: ELECTRON 


CINE-MICROSCOPY 


It has also proved possible to identify dislocations in 
metals and to follow their movement under stress, by direct 
electron microscopy on foils thinned by beating and etching. 
In aluminium, Hirsch, Horne and Whelan !>) found that the 
individual dislocations forming sub-grain boundaries were 
clearly visible as dots, lines and networks. The unexpectedly 
high contrast of a single dislocation is explained as due to 
distortion of the surrounding lattice over a distance of the 
order of 100A, which results in more (or sometimes less) 
loss of electrons from the imaging beam by diffraction out- 
side the objective aperture.“ When such a plastically 
deformed foil is locally irradiated (over an area of a few 
square microns) by an intense electron beam, the dislocations 
are seen to move in well-defined directions, leaving slip-traces 
behind them. Motion appears to be produced under the 
stresses due to the thermal gradient in the foil. The illu- 
minating system of the Elmiskop is so efficient that the 
image on the fluorescent screen at x 40000 magnification is 
bright enough for external cine-photography at the normal 
rate of sixteen frames per second on high-speed film. In this 
way continuous records have been made of the complex 
behaviour of dislocations of different types: slow and rapid 
motion, break up of sub-grain boundaries, nucleation and 
annihilation, and cross-slip. Many of the predictions of 
dislocation theory have been confirmed qualitatively and 
some quantitatively, such as the relation between the number 
of dislocations per unit length of a low-angle boundary and 
the angular misorientation of the adjacent sub-grains, as 
determined by electron diffraction. The average spacing of 
such dislocations lies between 100 and 200A, the angular 
misorientation is of order 1°. The phenomena are par- 
ticularly simple in stainless steel, where the constraints are 
greater than in aluminium. Rows of dislocations piled up 
against a grain boundary are frequently found (Fig. 4, p. 274), 
and the separation of a dislocation on the (110) plane into 
two partial dislocations on the (211) and (121) planes, with 
formation of a stacking fault between them, has also been 
observed as predicted by Heidenreich and Shockley.¢7) A 
sequence of three shots, showing the formation and subsequent 
collapse of such extended dislocations is shown in Fig. 5(a, b, c, 
p. 274). The pronounced differences in behaviour between 
aluminium and stainless steel have been correlated with the 
difference in stacking fault energy by Hirsch, Horne, Whelan 
and Bollmann.“®) In both metals a great variety of pheno- 
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mena have been observed, which remain to be elucidated by 
applying controlled stress at known temperature. A valuable 
experimental technique is thus available for checking and 
amplifying the theory of dislocations, which hitherto has 
lacked dynamical verification. At the same time, the 
demonstration of the possibility of filming continuous 
phenomena in the electron microscope is leading to the 
exploration of other transformations, such as the growth of 
“whiskers”? and more complex changes which occur in micro- 
crystals of silver and silver halides.“ It is not too much to 
say that the study of the solid state has found an unexpectedly 
powerful tool in high resolution electron microscopy. 


PROBLEMS IN BIOLOGY 


In the biological field the current trend is not so much 
towards utilizing the high resolving power of the new electron 
microscopes as to stressing the need to perfect and make 
analytical use of existing methods of specimen preparation. 
The development of microtomes capable of cutting sections 
as thin as 100A has opened the way to a great deal of 


exploration of the micro-anatomy of tissues and indeed of | 


micro-organisms such as bacteria and the larger viruses. 
The situation can only be likened to the great impetus to 
research provided by the perfection and general availability 


of the high-powered optical microscope in the second half | 


of the nineteenth century. The subsequent development, in 
the 1890's, of a critical attitude to the possibility of artefact 
formation during specimen preparation and then of a 
systematic search for specific staining reagents, are now 
being paralleled in electron microscopy. They may best be 
illustrated by reference to a particular problem—one of the 
most interesting in its biological significance—the micro- 
structure of the cell nucleus. Although a most complicated 
(and somewhat unexpected) wealth of detail has been demon- 
strated in the extra-nuclear region, the cytoplasm, thin 


sections have so far revealed little differentiation in the . 


nucleus, where it is well known from ultra-violet and phase- 
contrast microscopy that well-defined chromosomes are 
present during at least part of the life-cycle. 


Comparison of | 


adjacent thick and thin sections of locust spermatocyte, in — 


the ultra-violet and electron microscope respectively, has 


recently shown that this is not due to any disruptive effect of — 


the fixative usually used (osmium tetroxide). The chromo- 
somes are as well defined (in ultra-violet) as after use of the 


fixatives usual in optical microscopy, but the nucleus remains | 


featureless in the electron image although neighbouring 
mitochondria are clearly visible.®® It appears, therefore, 
that the constituents of the nucleus and in particular those 
containing nucleic acid, do not take up osmium tetroxide in 
appreciable amount, a conclusion independently confirmed 
by Bahr.? Better differentiation is obtained with formalin 
fixation (Fig. 6, p. 274), but the chromosomes are still only 
faintly visible, indicating that their electron scattering power 
is little different from that of the rest of the nucleus after such 
fixation; this is to be expected, since elements of low atomic 
number only are involved. 

It is a natural step to look for salts of heavy elements 
which may be taken up preferentially by nucleic acid, as 
phosphotungstic acid is known to be by certain constituents 
of muscle. Lanthanum and thorium nitrates have been found 
to have such a differential effect in locust spermatids.22 
The region which will ultimately form the head of the sperm 
shows well-defined striations in longitudinal section [Fig. 7(a), 
p. 275], clearly the basis of the pronounced birefringence 
observed by Caspersson.*) In transverse section it is seen 
[Fig. 7(b), p. 275] that the structure is canalicular. It becomes 
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increasingly closely packed as the spermatid develops, until 
no structural differentiation is visible in the fully mature 
sperm. The hope remains that some other salt may be taken 
up still more selectively than is lanthanum nitrate, so that 
the structure which must persist at maturity may be explored. 

So far such approaches to electron staining have been 
qualitative only. Lately Bahr and his collaborators have 
begun experimental studies of the rate and amount of uptake 
of osmium tetroxide by different tissues°24) and also theo- 
retical calculations of their comparative electron scattering 
power, both in the natural state and after treatment with 
osmium tetroxide.?>) It may be hoped that along these 
lines at least/a semi-quantitative analysis of the chief bio- 
chemical components of the cell may in due course become 
possible. Without staining the possibilities are small; with 
a number of specific stains, an accuracy of the order of 
5-10% might be attainable. 


SCANNING ELECTRON MICROSCOPES 


An alternative means of obtaining information about the 
chemical nature of a specimen, as well as of its micro- 
morphology, is to record the X-rays or the secondary electrons 
emitted from it under electron bombardment. This is best 
done by scanning it with a very fine electron beam. A point 
focus is produced by means of electron lenses, deflecting 
fields scan it over the surface in the same way as in a television 
apparatus, and an electron multiplier or counter records the 
emitted secondary electrons or X-rays respectively. The 
resulting signal is amplified and displayed on a cathode-ray 
tube in synchronism with the scan. A visible image is thus 
obtained of the surface, in which contrast variation depends 
on the local efficiency of X-ray or secondary electron 
emission. Such a system was built in the early days of 
electron microscopy by von Ardenne® in Germany and by 
Zworykin, Hillier and Snyder?” in the United States, but 
neither was successful owing to the poor efficiency of record- 
ing systems at that time, the exposure required to obtain a 
picture at moderate magnification being of the order of one 
hour. Technical advances during the war made it a more 
practicable method, and MacMullan®®) obtained encouraging 
results with electrostatic lenses and electron multiplier record- 
ing. The sensitivity has been improved and the applications 
more thoroughly explored by Smith and Oatley.?” An 
effective resolution of about 400 A has now been obtained; 
that is to say, a useful magnification of about x 10000. The 
method has the advantage over normal electron microscopy 
that dynamic effects at a surface, such as thermal or 
mechanical treatment, can be observed, and over the reflexion 
method that the intensity of electron bombardment and 
hence the temperature rise in the specimen is much lower at 
given magnification. A graphic example of its use is the 
examination of the tungsten-germanium contact in a 
transistor, as it is being ‘formed’ by passage of a current 
pulse; pictures were obtained before and after passage of a 
current rather larger than the critical value. For thermal 
treatment of a specimen Smith®® constructed a miniature hot- 
plate in the microscope. Fig. 8 (p. 275) shows the progress 
of thermal decomposition along a.needle of silver azide when 
the centre of the plate was at a temperature of about 200° C. 
By this means valuable information has been obtained about 
this solid state reaction at a resolution beyond that of a 
hot-stage optical microscope.” 

Smith has analysed the velocity distribution of the image- 
forming electrons and shown that they are mainly slow 
secondaries.3® It should therefore be possible to explore 
the variation of emission coefficient over a specimen, which 
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depends primarily on the chemical and crystallographic 
nature of the surface. More immediate and certain evidence 
of its elementary composition is obtained by recording the 
X-rays emitted as the surface is scanned.©@?) If the X-rays 
are recorded in one direction by a scintillation counter and 
in another by a proportional counter, a picture on the display 
tube may be obtained in terms either of all the elements 
present (above a certain atomic number) or of the distribution 
of a selected element. A simple example of crossed silver and 
copper grids is shown in Fig. 9(a) and (4) (p. 275): the one or 
the other appears bright according to the X-ray line accepted 
by the counter and discriminator. The method has been 
used to investigate the impurities in a beryllium foil; the 
wavelength of beryllium K radiation is so long that it is not 
recorded, but foreign elements appear as bright spots on a 
black background. 

So far this technique of micro-analysis has been employed 
at a resolution, as determined by the size of the electron spot, 
of only |». For quantitative work the number of quanta 
at each characteristic wavelength is recorded automatically. 
By inserting a crystal spectrometer before the counter, the 
accuracy of detection can be made high even for neighbouring 
elements in the periodic table. It is about 0-1°% in a volume 
of order 1 x3, equivalent to a mass sensitivity of 10~'3 to 
10-!4¢. The spot size can be made smaller, down to 
1000 A or less, but only at cost of longer ‘‘exposure” time. 
A visible picture could not then be obtained even on the 
longest delay phosphor, and counter recording only could 
be used. Nevertheless, the ability to carry out an elementary 
micro-analysis permits many useful applications even within 
the optical range of resolution: in metallurgy, the study of 
the early stages of precipitation, and in biology the identi- 
fication of mineral inclusions, for instance. The extension 
of the method to elements of low atomic number, such as 
carbon and nitrogen, which are of particular interest in 
ferrous metallurgy, demands special precautions owing to the 
long wavelength (35-45 A) of the characteristic lines; it is 
now under active development by Mulvey and Haine.@» 


ELECTRON INTERFERENCE MICROSCOPE 

One of the most interesting and elegant of electron optical 
developments, in both conception and experimental execu- 
tion, is the electron interferometer of Méllenstedt,?@* which 
he is now converting into an electron interference microscope. 
In principle it is the exact analogue of Fresnel’s biprism: a 
narrow electron beam is split by a potential wedge so that 
two coherent beams converge and interfere (Fig. 10). The 
required potential distribution is obtained by applying about 
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Fig. 10. Principle of the electron interferometer (5) 

compared with that of the Fresnel biprism of optics (a); 
Q is a metallized quartz fibre 
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—10V to a metallized quartz fibre Q a few microns in 
diameter. Fringes are then obtained at a spacing dependent 
on the applied potential and on the primary accelerating 
voltage of the beam. If a thin object, such as a film of metal 
or carbon, is placed in the path of one of the beams, a fringe 
shift is observed, the amount of which depends on the 
electron optical path difference; that is to say, on the product 
of film thickness and refractive index. Since the latter depends 
on the inner potential of the material of the film, a simple 
method at once presents itself of measuring such inner 
potentials or alternatively film thicknesses of order 100A 
when the inner potential is known. Modllenstedt and 
Keller@5) have already applied it to evaporated carbon 
films and find an unexpectedly high value of 24 V for the 
inner potential (compare diamond 21 V; graphite 12 V), 
which must be accepted with reserve until the reliability of 
the thickness measurements has been checked.@® 

From their nature, the fringes are not localized. To 
convert the interferometer into an interference microscope, 
‘it is only necessary to form an image of the object in some 
‘convenient plane below the biprism. This is achieved by 
reversing the potential on Q; the two beams are then 
sufficiently separated that they pass through different regions 
of the objective lens. The first interference micrographs have 
recently been obtained with this arrangement by Mollenstedt 
and Buhl,@”? of which Fig. 11 (p. 275) is an example. 
The system needs refinement before it can become practically 
useful—at the moment it is too sensitive to external electro- 
magnetic and mechanical disturbances—but its practicability 
has been clearly demonstrated. We thus have in prospect 
the ability to observe electron phase effects in sufficiently thin 
objects, allowing the investigation both of coherence con- 
ditions in electron beams and of local variations in thickness 
and inner potential of the specimen. 


CONCLUSION 

If any general conclusion can be drawn from the limited 
number of recent developments here described, it must be 
that electron microscopy is following the path historically 
pursued by optical microscopy, but at a ten-fold accelerated 
pace. Advances which required a century in optics are 
compassed in a decade or less in electron optics. One sign 
_ of this is the application of cine and interference methods. 
Another is the tendency to quantitative analysis, whether by 
measurement of the scattering of the primary electron beam 
or of the energy of the secondaries and X-rays which it 
produces. It can be anticipated that within the next few 
years these new developments will have been incorporated 
in commercial electron microscopes, providing new tools for 
fundamental and applied research. Meanwhile the next 
important step, the correction of electron lenses for spherical 
and perhaps also chromatic aberration is reaching the 
experimental stage,@*: 39. 49 preparing the way for the high- 
powered, wide aperture electron microscope which will be 
needed for resolving atomic dimensions. 
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Using probe diodes, changes in thermionic emission and conductivity of cathodes of calcium 
oxide on nickel have been followed during activation and poisoning. The effects of material 
liberated from the anode have been studied. The mean nominal thermionic work function is 
/ 1:69 eV for the fully activated cathode (from the slope of a Richardson line), with an estimated 


temperature coefficient of 1-1 mV/° K. 


Three regions of conductivity have been found; the activation energies for the two at the 


lowest temperatures are 1:3 eV and 0-81 eV. The current-voltage characteristics between the 
cathode base and probe show two types of curvature, one dominant above 623° K and the other 


below this temperature. 


A linear relation extending over four orders of magnitude between 


the logarithms of emission and of the conductivity has been observed during activation. Assum- 
ing that semi-conductor theory may be applied the mean value of the surface work function is 


calculated to be 0-7 eV. 


1. INTRODUCTION 


During the last thirty years the bulk and surface electrical 
properties of barium and strontium oxides have been 
extensively investigated, but there have been very few 
measurements on calcium oxide. This oxide is used only as 
an additive in commercial cathodes,” but measurements 
of its properties are important in addition to those on 
barium oxide and strontium oxide if an understanding is to 
be reached of how the electrical properties of alkaline-earth 
oxides depend on their band structure and other character- 
istics. It is especially important to measure thermionic 
emission and electrical conductivity over a wide temperature 
range, though such measurements are relatively difficult on 
calcium oxide because of the very low currents involved and 
because of other factors which will be discussed below. 
The aim of the present work is thus to relate thermionic 
emission and electrical conductivity of calcium oxide cathodes 
over as wide a temperature range as possible; to investigate 
how far the measurements are consistent with the Loosjes— 
Vink hypothesis®; to relate the relevant properties of 
calcium oxide with those of barium oxide and strontium 
oxide and to see how far they can be interpreted in terms of 
semi-conductor theory. 

Summaries of the earlier work on the electrical conductivity 
and emission of calcium oxide may be found in a review 
paper by Blewett“ and in the book by Herrmann and 
Wagener.©) Apart from the effects of its incorporation with 


barium oxide and strontium oxide in oxide cathodes, very . 


little work on calcium oxide appears to have been carried 
out recently, though a short summary of a paper by Glascock 
and Hensley has now appeared) and will be commented on 
below. 

2. THE EXPERIMENTAL TUBES 


~ The most satisfactory design of tube for these investigations 
with calcium oxide cathodes was a cylindrical diode with a 
helical probe wire wound into the cathode material (Fig. 1). 
Such an arrangement affords a means of measuring both the 
cathode emission and the coating conductivity, simul- 
taneously if necessary. The great advantage of the probe 
method in conductivity work with calcium oxide cathodes is 
that the depth of the probe wire may be varied from cathode 
to cathode. This is important, since even in the most activated 
sondition the resistance of calcium oxide is very much 
= Not. 9; .JuLy 1958 
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higher than the oxides of either barium or strontium. In 
order to bring the conduction currents between the probe 
and the cathode base within the range covered by the electro- 
meter, it was essential to keep the carbonate layer sprayed 
beneath the probe as thin as possible. Too thick a layer of 
carbonate prevented the conductivity of the oxide from being 


getter anode 


seven lead C9 
glass, pinch 


tungsten glass frame ceramic probe 
thermocouple support support 
probe wire 
Fig. 1. The experimental tube 


followed in the lower temperature ranges. Little information 
of value regarding the semi-conducting properties of the 
cathode could be obtained until the cathode temperature had 
been reduced to below 600° K. 

The tubes were built with a view to obtaining a good 
vacuum before sealing off from the pumping system; the 
metallic parts were, therefore, reduced to a minimum and 
positioned so that they could readily be outgassed either by 
eddy-currents or by direct heating. 

All of the materials used in the assembly of these diodes, 
i.e. nickel, tungsten and type C9 glass (by British Thomson- 
Houston Ltd.) were well washed in carbon tetrachloride, 
water, chromic acid (in the case of the glass) and finally 
several times in distilled water. Wherever possible the 
metallic components were hydrogen furnaced and sub- 
sequently handled with tweezers only. Assembly of the 
tubes took place in a special clean room set aside for this 
purpose. The cathodes were prepared from “O” nickel 
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sleeves 7cm long and 0:25cm in diameter. A tungsten 
thermocouple wire was welded internally to the centre of the 
sleeve and fitted with several fine ceramic tubes as insulation. 
Two other ceramic tubes fixed rigidly to the ends of the 
cathode serve as supports for the probe wire. A tungsten 
hairpin heater insulated with ceramic tubes was fitted inside 
the cathode sleeve and the assembly hydrogen furnaced. The 
‘cathode was then transferred to a rotating jig and sprayed 
over the middle 2cm of its length with a suspension of 
calcium carbonate in butyl acetate (by the General Electric 
Co. Ltd.). Masks shielded the rest of the cathode during 
the spraying. A sufficiently thin and smooth surface was 
best obtained with a wet spray and a rapidly rotating jig. 
The probe wire was usually a length of “O” nickel wire, 
diameter 0:0013 cm. After half a dozen turns of it had been 
wound on to the cathode and welded into position, spraying 
was continued to a final thickness of about 100 w. 

Trial experiments with alternative glass and ceramic 

supports showed that in high vacua, taking into account ease 
of outgassing, a hard glass frame is more satisfactory than a 
ceramic one as a support for anode and cathode. The pure 
nickel cylindrical anodes were 0:8 cm diameter and 2:2 cm 
‘long, supported by two radial fins 1cm wide. During 
assembly great care was taken to ensure that the cathode was 
co-axial with the anode. A sliding joint was fitted to the 
cathode to allow for thermal expansion. Finally a getter was 
welded on and the completed assembly mounted on a com- 
mercial seven-pin pinch of C9 glass (by Siemens—Edison— 
Swan Ltd.). The thermocouple lead was taken from a 
tungsten rod sealed into the top of the envelope thus ensuring 
a continuous tungsten path to the cold junction of the 
thermocouple. 


3. THE PROCESSING OF THE TUBES 


The completed tubes were sealed to a pumping system 
capable of achieving an ultimate vacuum of better than 
10-7 mm mercury (as measured by a Bayard—Alpert type ion 
gauge). Immediately after pumping out the tube the whole 
of the glassware beyond the final liquid air trap was baked 
for six hours at 450°C. While the glass was still hot the 
metal parts in the tube were given a preliminary outgassing 
to a bright red heat by eddy currents. 

The calcium carbonate cathode was decomposed to the 
oxide by heating the nickel sleeve to 900° C. This has to be 
done very slowly otherwise the evolution of carbon dioxide 
from the carbonate forces the cathode material from the 
metallic base and also tends to break the probe wire. A 
specially geared motor was built to drive a Variac transformer 
through the necessary voltage change in order to raise the 
cathode temperature from 450 to 900° C in about 48h. At 
this stage the motor was stopped and the pressure brought 
to below 10~® mm mercury with the cathode maintained at 
900° C. In preliminary experiments it was often noticed at 
this point that the pressure in the system would not fall 
below 10->mm mercury, due to an accumulation of solid 
carbon dioxide in the liquid air trap.* (At a temperature of 
—183° C the vapour pressure of carbon dioxide is 2:10~° mm 
mercury.) This deposit could be readily removed from the 
vacuum system by the use of a large diameter stop-cock and 
a second liquid air trap between the tube and the con- 
taminated trap. After the breakdown of the carbonates two 


* A report of this effect has recently been published by 
Curnow,” in which he draws the same conclusion. His experi- 
ments using an oil diffusion pump without a cold trap failed to 
reveal any accumulation of carbon dioxide. 
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liquid air traps were kept on the system throughout the 
further processing of the tube. 

Cycles of outgassing were commenced at this stage, each 
consisting of four hours’ baking at 450° C, eddy-current heat- 
ing the metal parts to a bright red, and finally raising the 
cathode temperature to 900° C. The getters and the seal-off 
constriction were also given preliminary outgassing treat- 
ments. After several of these cycles the pressure in the tube 
would not rise above 10~° mm mercury at any one of the 
stages. The getters were then fired slowly and the tube 
sealed slowly from the pumping system so that gas liberated 
as the walls collapsed could be pumped away. 


4. MEASUREMENTS 


(a) Cathode temperature. The tungsten lead welded inside 
the cathode forms one of the connexions for a tungsten— 
nickel thermocouple. The other tungsten—nickel junction was 
maintained at 0° C outside the tube and the e.m.f. developed 
between the two was measured by means of a potentiometer 
(by Muirhead and Co. Ltd.). This procedure gives the 
temperature of the base metal and not of the cathode surface 
but this does not affect the results which are all based 
on temperature differences and not upon the absolute 
temperatures. 

(b) Measurement of conductivity and emission. Even in its 
most activated condition calcium oxide has low values of 
thermionic emission and electrical conductivity compared 
with the oxides of barium and strontium. This means that 
most of the measurements, especially those at the lower 
temperatures, involve currents of the order of 10-!7 A. A 
sensitive electrometer was built around an electrometer 
double-beam tetrode type B.D.M. 10 (by Ferranti Ltd.). 
The sensitivity of the arrangement was such that an input 
voltage of 0:25 mV led to a galvanometer deflexion of 1 cm. 
For the measurements in the lower current ranges the experi- 
mental tube was placed in a screened metal box, which also 
contained all the components necessary for both the 
emission and the conduction measurements. : 

The voltage to the probe was drawn from a calibrated 
linear 1000 02 potentiometer: This was centre-tapped so that 
from +100 mV to —100 mV could be applied to the probe in 
one continous sweep. A second potentiometer allowed this 
maximum of 100 mV to be varied continuously up to 3 V. 
A similar arrangement allowed +4 V to be applied to the 
anode of the experimental tube. The only wires leaving the 
screened box were the cathode heater leads and the well- 
insulated and screened co-axial cable to the electrometer. 

(c) Supplies. All the high tension supplies were obtained 
from batteries; the introduction of a.c. into the screened box 
resulted in considerable instability and zero drift in the 
electrometer. A 12 V accumulator in conjunction with a 
10Q rheostat provided a good source of heater power 
provided that one terminal of the battery was earthed. 


5. EXPERIMENTAL RESULTS 


Before starting the full research programme with calcium 
oxide cathodes a number of preliminary investigations were 
undertaken. For these, diodes and probe diodes were built, 
some having cathodes of calcium oxide and some of the 
conventional barium and strontium oxides. These early 
measurements not only confirmed information relating to 
the latter oxides, but also indicated a number of snags that 
would be encountered in the work with calcium oxide. 
These may be summarized briefly: 
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(i) If the first coating on the metallic base is sprayed dry, 
then almost independent of how thick it is the conductivity 
of the resulting cathode will be too low for measurements to 
be made over all temperature regions of interest. Hence, in 
general a wet spray was used in the final tubes. 

(ii) Activation of the calcium oxide cathode is a much 
slower process than for the other oxides. The cathode must 
be maintained at high temperatures for long periods during 
which emission current is drawn to the anode. Only after 
several days under these conditions is a constant activated 
State reached. “Flashing’’ the cathode to a high temperature, 
a common method of activation in industry, does not cause 
any appreciable change in cathode emission. 

(iii) The search for a low-temperature conduction mechan- 
ism comparable with that obtained by Loosjes and Vink) 
for barium oxide, soon showed that if such a mechanism 
does exist for calcium oxide it occurs at much lower tempera- 
tures. The lower limit of current measurement is set by the 
leakage resistance of the ceramic insulators carrying the 
probe, etc. 

(iv) During the early conductivity measurements it was 
noticed that calcium oxide cathodes showed marked photo- 
conductivity. This was eliminated in all the subsequent 
tubes by means of a light-tight box. The effect is being 
investigated further in this laboratory and will be reported 
in a later paper. 

(a) Thermionic emission. Following the tubes used in 
preliminary experiments, nine probe diodes were constructed, 
all similar to Fig. 1. Apart from some deliberate variations 
of spraying conditions, each tube was processed in the same 
way, as far as possible. The results of thermionic emission 
measurements are presented first, followed by those on 
electrical conductivity and then the relations between the 
two sets of measurements. 

Tube P.1V was activated for 96h with 100 V applied to 
the anode. Five emission characteristics (log 1, against V4) 
at temperatures between 630 and 780° K were obtained 
and showed reasonably good saturation (Fig. 2). The 
Richardson plot from these curves (Fig. 3) indicates a work 
function of 1:73eV. The mean contact p.d. between 


V wolts) 


Fig. 2. Emission characteristics for tube P. IV 
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cathode and anode estimated from Fig. 2 averages only 
—0:2 V, which leads to an anode work function of about 
1-SeV, and suggests that the anode had become con- 
taminated by electropositive material. 
With tube P. V measurements were made during activation. 
The Richardson plots obtained at four states of activation 
are shown in Fig. 4. During activation the anode potential 


lot 


-Fig. 3. Richardson plot for tube P. IV 


O/T 
Fig. 4. Richardson plots during activation of tube P. V 


was only 6 V, sufficient to achieve saturation but not leading 
to bombardment of the anode by high-energy electrons. 
After the cathode had reached state IJ, maximum activation, 
the anode was heated by eddy currents to a red heat. This 
led immediately to the poisoning of the cathode emission 
into the third activation state (Fig. 4). The recovery of the 
cathode to state IV was the result of drawing current with 
the anode potential raised to 8 V. 

In tube P. VI, the whole coating was sprayed as a dry one, 
to verify that such a coating has a low conductivity. The 
cathode was activated throughout with 6 V applied to the 
anode, in this way poisoning by anode materials was avoided. 
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Richardson plots in four states of activation gave slopes of 
2:2, 1:92, 1:56 and 1-50 eV respectively and the contact 
p.d. between anode and cathode indicated that the anode 
work function remained fairly constant at about 3 eV. 

Six activation states were investigated with tube P. X; the 
Richardson slopes ranged from 2°44 to 1:73 eV. From the 
unactivated condition, state II was attained by the application 
of 4 V to the anode with the cathode at 850° C. Increasing 
the anode potential to 8 V to obtain state III caused poisoning 
and a fall in anode work function (see below). Then 4 V 
was reapplied to the anode and activation continued to 
state IV, for which the Richardson slope was 2:06 eV. On 
the application of 8 V to the anode, poisoning once again 
took place. Anode current was drawn until the emission 
indicated almost complete recovery, and the measurements 
of state V were taken. The Richardson slope was now 
1:9eV. Application of 8 V to the anode for 10 h produced 
the maximum activation of the cathode, with a Richardson 
slope of 1-73 eV, which remained constant even after the 
anode had been operated at 100 V. 

With the cathode of tube P. XI six activation states were 
again investigated. Two activating anode voltages were 
used, 4 and 8 V. The emission measurements are sum- 
marized as follows. 


Table 1. The activation of tube P. XI 
StateI de =2-12 eV, anode dy 3-0 
4 V on anode State II dr = 1-76 eV, anode py 4:2 
4 V on anode State Il dp = 2:08 eV, anode gy 5-3 
8 V on anode, 
initial poisoning 
and then recovery StateIV dp = 2:18 eV, anode dy 4:5 
8 V on anode StateV dr =1-85eV, anode dy 3-2 
100 V on anode State VI dep = 1-88 eV, anode py 2:1 


The average value of cathode work function, assuming 
this to be given by the slopes of Richardson plots, in the fully 
activated states under equilibrium conditions with the 
anode, etc., was 1-:69eV for the five tubes. By plotting 
emission characteristics over a wide temperature range 
(644-998° K) it was possible to plot a graph of contact p.d. 
against temperatures and this gave a straight line (Fig. 5). 
Assuming that this variation of contact p.d. is due entirely 
to the cathode (conditions at the anode being constant), and 
assuming that the changes at the cathode are due to the 


0-0 
z 
202 
2 
c 
-O:-4 
-O-6 
600 700 800 900 IOOO 
Temperature (° K) 
Fig. 5. The change of cathode work function with 


temperature 
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variation in effective work function, the temperature 
coefficient of the work function is 1:1 mV/° K, which is 
similar to the values for barium oxide and (barium strontium) 
oxide quoted by Young.) These range from 0°5 to 
1-0 mV/° K at 500° to 2:0 mV/° K at 1100° with a peak at 
800° K of 2:5 mV/° K. 

(b) Cathode conductivity. or each cathode the current 
between cathode and probe was plotted against probe 
potential over the range +100mV for each particular 
temperature and cathode state. Normally, these current- 
voltage characteristics did not pass through the origin 
because of a thermoelectric e.m:f. due to the temperature 
gradient between cathode and probe. To achieve greater 
stability the thermal e.m.f. was balanced out when taking 
measurements with the electrometer. The gradient of the 
current-voltage curves over the region of the origin gives the 
resistance of the cathode coating between core and probe. 

For tube P.1V the plot of log U//R) against 1/T is shown 
in Fig. 6. The plot consists of two slopes, just as for barium 


Fig. 6. for “tube “PV. 


Conductivity lines 
activated) 


(fully 


) 


oxide, but in this case the intersection is at T = 625° K _ 


instead of at about 800° K for barium oxide. To explain 
similar behaviour for an oxide cathode, Loosjes and Vink 
have suggested®) two conduction mechanisms in parallel, 


one predominant at high temperatures and having the higher | 
activation energy (given by the slope of the curve) and the | 


other at lower temperatures. If this is so, 


IR = Ae ~QukT 4. Be—QaikT (1) 


where Q, and Q, are the two activation energies respectively. 
Loosjes and Vink found that Q, was not very different from 
br, the work function of their cathode as estimated from 


Richardson plots, and suggested that the high-temperature — 


emission process consists of thermionic emission from 
crystal to crystal across the interstices in the cathode. At 


low temperatures they attributed the conductivity to move- | 


ment of charge across the contacts between crystals. The 


slopes of the two straight lines of Fig. 6 are 0-95 and 0-77 eV, 
but these have to be corrected in order to obtain Q, and Q>. | 
It has been the practice to correct the high-temperature | 
line for the effect of the low-temperature mechanism before — 
260 
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attempting to interpret any activation energies. A simple 
correction procedure similar to that used by Shepherd” 
has been adopted in all of the tubes so far discussed. To 
confirm that the procedure is sufficiently accurate when the 
two slopes are as close together as found with calcium oxide, 
theoretical conductivity plots were constructed by the sub- 
stitution of values for Q; and Q, into the general conduction 
equation (1). The results of this investigation confirm that 
the simple correction is justified within 4°%. 

For tube P. V the conductivity vs.1/T plots are shown in 
Fig. 7. State III is incomplete because of a fault in the 
electrometer. States II and IV show clearly defined regions 


1/T x 108 
Fig: 7. Conductivity lines for tube P. V. After state II 


the anode heated to brightness. Activation was at 
900° C with 8 V anode potential 


State OQ; Q> Q, corrected 
I 1-0 — —- 
II Lied 0-72 13 
Til 1-06 — — 
IV 1-04 0-85 1:46 


completely analogous with those of the previous tube. 
According to the Loosjes and Vink hypothesis, the bottom 
line relates to semiconduction and the middle line to pore 
conduction. The third linear region apparent in these two 
activation states at the highest temperatures is thought to be 
due to saturation of the emission current inside the cathode 
pores. In the state of highest activation, the value of Q, is 
0-72 eV, in good agreement with the previous cathode. As 
already described, State If1 was a poisoned one, and both 
emission and conductivity decreased by a factor of about 
15 below the values for state II. Between states III and IV, 
the cathode was heated and the source of poisoning removed 
by drawing emission. Although the emission recovered fully 
the conductivity did not. If the poisoning agent is oxygen, 
as is probable (this will be discussed below), it would appear 
that it remains in the cathode pores after it has ceased to 
influence the thermionic emission to the anode. 

Tube P. VI was allowed to activate continuously with only 
6 V anode potential and not poisoned at any stage. Without 
disturbing factors it was:possible to test whether a relation- 
ship reported by Kawamura and Nishibori“'® and confirmed 
by Hannay, McMair and White!” holds for these cathodes, 
namely a linear relation between log 1/R and log jp, where 
jo is the thermionic emission current density. Fig. 8 shows 
a good linear relation over four orders of magnitude, and 
this interesting result will be discussed below. 

Of the six activation states investigated for tube P. X, the 
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low-temperature type of conductivity could be observed in 
three. For these Q, fell from 1-1 eV in state Il to 0-97 in 
state IV and 0-84 in state VI, the fully activated condition. 
The corrected high-temperature slopes Q, = 1-53 in state II 
and 1-44 in state IV were not the same as the Richardson 
slopes for the same states, being about 30°% away. After 
poisoning, recovery of the high-temperature conductivity 
again lagged behind that of the thermionic emission. 


Relation between conduction and emission, 
tube P. VI 


Fig. 8. 


The activation of tube P. XI was also followed through six 
conductivity states. In the final two states the activation 
energy for the low-temperature conduction mechanism 
changed from 1:07 to 0:92 eV. After state III, poisoning 
by anode materials took place and the conduction was 
allowed to reactivate before the measurements of state IV 
were obtained. Although the thermionic emission had 
reached its maximum activity in state V the conductivity had 
to be activated for a further period to state VI to attain its 
highest value. 


Table 2. Summary of emission and conduction measurements 
for the fully activated state of the oxide 


Conductivity Emission 
O;(eV Final activated 
Tube O;(eV) QOxeV) corrected br(eV) voltage ba(eV) 
PE LY: OPS eAOn a leeL9: ie gl) 100 2:0 
aN ted Osi 2 pales 0 LEIS: Bese Si 
PENI 029327 SOs 88a0 mbes 1-50 6 35 
P.X 12 18:cO7S45 1238 WS 8 DKS 
P. XI L716) 092s 1-36 1-88 100 Dish 


(c) Curvature of current-voltage characteristics for the 
conduction process. In the current-voltage lines for the 
cathodes studied above, two regions of curvature could be 
distinguished. Above 1000° K the curves were linear within 
the +100 mV limit applied to the probe. Below 600° K for 
all the cathodes, marked curvature occurred towards the 
current axis in the positive region and away from the current 
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axis in the negative region (Fig. 9). Curvature in the higher 
temperature region between 600 and 1000°K was not so 
regular and occasionally the characteristics were quite linear. 
When, however, curvature did occur it was always in the 
opposite sense to, that of the low-temperature region 
(Fig. 10). 


+160 
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Fig. 9. Curvature of the current-voltage characteristics 
at low temperatures 
Tube P. V 


Tube P. XI 


Millivolts 


Current 
10. Curvature of the current-voltage character- 
istics at high temperatures 
1, 858° K; 2, 1008° K; 3, 928° K; 4, 808° K. 


Fig. 


Cathode coloration. Within a few weeks of completing 
measurements with these calcium oxide cathodes, the surface 
of the oxide developed a marked mauve coloration. This 
was true only of those cathodes which had been fully activated 
before storage. Heating the cathode removed the colour, 
though within a further period of about two weeks it had 
returned. 

Dash“) and Sproull“® have prepared single crystals of: 
barium oxide with a blue colouration by heating the oxide 
in the presence of barium vapour. They conclude that the 
coloration is caused by the diffusion of neutral oxygen to 
leave an excess of the metallic barium. Electrons are then 
trapped at the oxygen vacancies to form colour centres 
analogous with F centres in the alkali halides. This colora- 
tion with calcium oxide will be investigated further. 
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DISCUSSION OF THE RESULTS 


The maximum emission from fully-activated calcium oxide 
is at least two orders of magnitude below that of barium 
oxide. It is very slow to activate, requiring long periods at 
high temperatures, and is very easily poisoned. The mean 
thermionic work function, as measured by the Richardson 
line, is 1-69 eV, compared with 1-1 eV for barium oxide. 
The activation process appears to liberate oxygen (see below) 
and thus it is probable that the cathode activity is a function 
of the excess of metallic calcium in the cathode. The 
coloration observed for all fully activated cathodes seems to 
show that colour centres are associated with this excess of the 
metallic component.“ Further work, especially on the 
photoconduction effect, is needed to confirm this. 

A recent brief report by Glascock and Hensley on 
thermoelectric power and electrical conductivity of calcium 
oxide is the only one available describing conductivity 
measurements on calcium oxide under high vacuum con- 
ditions. Planar nickel cathodes were mounted with their 
coated surfaces in contact in a manner similar to that used 
by Loosjes and Vink. Current measuring difficulties were 
encountered and the temperature range of the experiments 
did not extend below 650° K. Although the authors report 
a break in the conductivity curve at 900° K, no mention is 
made of any other discontinuity. It may thus be assumed 
that at their lowest temperature they had not reached the 
region of the third conduction mechanism which, according 
to our measurements, sets in only below about 625° K. 
They conclude that calcium oxide is a pore conductor with 
a conductivity much lower than (barium strontium) oxide. 

In the results recounted above, three regions of con- 
ductivity have been observed analogous with those obtained 
with barium oxide cathodes.?® (A fourth region has now 
been found in barium oxide at lower temperatures.“*) The 
lower temperature region, which is thought to be due to 
conduction through the crystal-to-crystal contacts, could be 
measured with good accuracy in four fully activated cathodes. 
The mean value for the activation energy of this type of 
conduction was 0:8l1eV; the variation from cathode to 
cathode is less than 0-1 eV. The linear part of the conductiviy 
curve above 600° K is probably due to an electron emission 
process within the pores of the cathode; after correction the 
mean value of its activation energy was 1-3 + 0:leV. The 
slope of the third linear region above 1000° K has little 
significance since it merely represents the onset of saturation 
in the cathode pores. The break at the lower end of the 
curve occurs at a much lower temperature (625° K) than for 
the corresponding point for barium oxide (800° K) and 
tends to be a sharp transition. 

In their measurements with barium oxide, Loosjes and 
Vink found good agreement between the high temperature 
slope Q, and the Richardson line slope. In our work on 
calcium oxide in no case was such agreement found; usually 
fr exceeds the activation energy by about 30%. In several 
of the tubes (P. V, P. X and P. XI) the emission shows much 
more rapid recovery from poisoning by materials liberated 
from the anode surface than does the conductivity; this 
seems to indicate that the pore surfaces within the cathode 
are in a different state from the actual emitting surface of 
the cathode after poisoning. 

It has been known for some time that deposits of cathode 
material on a fixed anode during operation of a diode may 
influence the behaviour of the diode.“'5-18) Fan@% has 
observed contact potential differences of between 0-1 and 
0:7 V between a nickel anode and a barium oxide cathode 
in a diode. After high-temperature glowing of the cathode 
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the contact p.d. increased, whereas the drawing of a large 
emission had the converse effect. He concludes that the 
surface conditions at the anode varied with the treatment of 
the tube. Wright showed“ that emission decay takes place 
only when the emission current is drawn to the anode used 
for activation of the cathode. Deb‘!®) has concluded that the 
contaminant from the anode is oxygen, though under certain 
circumstances it may be chlorine. During our measurements 
on calcium oxide it has been possible to introduce poisoning 
effects simply by a variation in anode potential. Measurement 
of the contact p.d. together with the Richardson work 
function in all of the activation states has allowed the con- 
dition of the/anode surface to be followed continuously. A 
low anode potential during activation gives rise to a steadily 
increasing anode work function—see Table 3. 


Table 3. Tube P. XI 
Anode work function 4 (eV) 
State I 1 HLA AV V VI 
Anode at 4 V SORE ae Dor ee a3 
Anode at 8 V DS eae aes ee al 


If, however, the tube is activated continuously with a voltage 
>8 V, then ¢4 remains at a low value (about 2 eV), for 
example P.IV, ¢4 =1-5eV. A sudden increase in the 
anode potential after a cathode has been activated for a 
time with a low voltage leads to immediate poisoning of both 
emission and conductivity and a gradual fall in 64 (Table 3). 
The most likely poisoning agent to be liberated at the 
anode by the higher energy electrons is oxygen, known to be 
liberated freely during activation.“!!:*® Thus, it appears 
that oxygen produced during activation is adsorbed on the 
anode, and when V’, exceeds 6 V it is dislodged by electrons 
and causes the observed poisoning of cathode emission. 
Electropositive elements evaporated during the breakdown 
of the carbonates, reduce the anode work function from 
SeV to about 2eV. Oxygen from the cathode merely sits 
on top of this layer and causes the anode p to rise again. 
Curvature of the conductivity current-voltage character- 
istics for barium oxide has been observed by several other 
workers, for example in the temperature range 800-1100° K 
by Loosjes and Vink. These authors explained non-linearity 
in terms of their picture of conduction through the electron 
gas in the pores of the cathode. The extreme case they 
consider should in fact lead to parabolic curves. As was 
reported in section 5(c) above, our measurements on calcium 
oxide show the same type of curvature. 
- At temperatures below 600° K King?! has observed a 
curvature for (barium strontium calcium) oxide which agrees 
in direction with that reported above though the magnitude 
appears to be much less in spite of the much higher potential 
differences applied across the oxide (14 V). King suggests 
that the following factors may be independently or jointly 
important: 


(1) transitional resistances between the semi-conducting 
grains; 

(2) increased electron mobility at high field strengths; 

(3) barriers at the semi-conductor metal boundaries. 


The curves published by Wright?” for a (barium 
strontium) oxide coating, especially those for tube A9, have 
a very marked similarity with the ones of Fig. 9. From the 
work of Eisenstein?}) and Nergaard and Matheson) it 
may be concluded that a barrier due to an interfacial layer is 
responsible for this low-temperature non-linearity. 
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A linear relation between the logarithms of emission and 
conduction currents at different stages of activation was first 
observed by Nishibori and Kawamura“ for a barium oxide 
cathode. Hannay and co-workers“) have been able to 
repeat cycles of activation and deactivation over which they 
have shown that the logarithms of thermionic emission and 
conductivity are directly proportional. For one of our 
tubes (P. VI) linearity was observed over four orders of 
magnitude (Fig. 8). Only in the case of this cathode were 
homogeneous conditions maintained; no poisoning took 
place at any stage and the cathode was activated continuously 
with a low voltage on the anode. It has been noted above 
that reactivation after poisoning by material from the anode 
surface takes place more quickly in the few surface layers of 
the cathode, therefore homogeneous conditions cannot have 
been maintained in any of the cathodes which were subject 
to poisoning unless they were reactivated for long periods. 
Linearity cannot be expected, therefore, and was not observed 
for these cathodes. 

From semi-conductor theory!) we have 


Forse be OKT , 
o 4loe. 


~ alk 2) 


where o = the oxide conductivity. 
r = the mean reflexion coefficient for electrons at the 
emitting surface. 
Il) = the electron mean free path. 
x = the surface work function or electron affinity. 


Thus it should be possible to estimate y by plotting log jp/oT 
against 1/7 since for any one activation state the value of Jp 
will be constant. For tube P. VI a good linear relation 
was obtained, and the slope gave a value of 0-62 eV for 
the surface work function y. Calculations throughout the 
activation stages of the other tubes have shown that the value 
of y rises considerably (by about 0:3 eV) after the cathode 
has been poisoned by oxygen and slowly falls as the surface 
cleans up during reactivation. The mean value of y for 
all of the fully activated cathodes investigated was 0-7 eV. 
Mott? and Wright? have calculated theoretical values of 
x for the oxides of barium, strontium and calcium and they 
conclude that the value lies between 0 and 1 eV. 

This value for y is in poor agreement with the difference 
between dz and Q>. The explanation for this is thought to 
lie in the Richardson line technique. Other methods are 
being investigated in this laboratory for finding the work 
function of the oxide cathode. 
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The spray-drop method is used in electron microscopy to determine the concentration of particles 


in an unknown suspension. 


The usual analysis procedure is criticized and a better one is given 


and justified. A test is included to check the presence of variations in the data due to causes 
other than purely random ones, e.g. inadequate mixing. The test is applied to artificial sets 
of data to illustrate its usefulness. 


LIST OF SYMBOLS 


n; = true number of particles of n-type in ith drop. 
v; = expected number of particles of n-type in ith drop. 
m; = true number of particles of m-type in ith drop. 
[4; = expected number of particles of m-type in ith drop. 


i= 1,2,3...N, where N is the total number of drops 
examined. 
Ki = Vj/ Mj. : 
p = expected ratio of concentration of n-type to m-type 
suspension. 


p =r-= best estimate of ratio p, where ~ 
estimate from data. 
~ = variance of estimate of r. 
A = o,/r = coefficient of variation. 


indicates best 


ss 
I 


INTRODUCTION 


Williams and Backus‘!:?) have described a method for the 
estimation of the concentration of particles in a suspension 
by the spray-drop method. They use as a reference a sus- 
pension of polystyrene latex spheres of known concentration. 
The two suspensions are mixed in known proportions, 
sprayed as a fine mist, collected on electron microscope 
specimen supports and examined in the microscope. Com- 
plete drops are photographed and the number of particles (n;) 
and the number of latex spheres (m;) in each whole drop are 
tabulated. The number of particles and the number of latex 
spheres do not bear the same ratio in all the drops. Indeed, 
if the counts are displayed graphically the picture they present 
may resemble Fig. 1 or Fig. 2. This scatter may be ascribed 
to random sampling errors or to bad mixing. The best 
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estimate for the ratio of the concentrations of particles and 
latex in the original suspension is given by equation (1): 


best estimate of ratio = r = Xin,/Xum; 


(1) 


[the summations in this paper are taken over values of i 
from unity to the total number (VV) of drops examined]. 

The concentration of particles is then obtained from the 
product of this ratio, the proportions used in preparing the 
mixture and the known concentration of latex spheres in the 
reference suspension. 

The error of the estimated ratio is usually indicated by its 
variance. Luria, Williams and Backus®) conclude that the 
variance of the estimated ratio is given by equation (2) 


variance of r = o7 = r7[(1/Xnj) + (1/2m))] (2) 


The discussions in this paper support these two con- 
clusions. However, it is important to know whether the 
scatter of the ratios of n;/m; for individual drops is large 
compared with what may be expected from, say, random 
errors alone. It is a common procedure to calculate the 
(product moment) correlation coefficient between the sets of 
numbers and use this as a guide.?:* If the figure shows 
“high significance” then it is inferred that any errors arising 
from, say, bad mixing, are small. This procedure is quite 
unjustifiable and the present paper gives a better test. 

It is usually considered that, for the most accurate deter- 
mination of the ratio, it is best to adjust the proportion of the 
two suspensions in the mixture so that their ratio is unity 
(i.e. r= 1). The general tendency is to strive for r = 1-0, 
rather than 1-1 or 0-9. It will be shown that the accuracy 
is indeed greatest for r = 1, but mixtures for which the ratio 
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lies between quite wide limits are not very different in the 
accuracy they provide. : 

The paper concludes with some illustrations of the power 
of the new test compared with the correlation coefficient, and 
gives a recommended analysis procedure for the spray-drop 
method. 


VARIATION IN (nj;m;) 


Consider a single suspension of particles in a liquid. Let 
B be the total number of particles in the volume V. If the 
suspension were uniformly mixed we might, at first sight, 
expect the same number of particles in each element SV, 
namely BoV/V. However, particles in a suspension at 
ordinary temperatures exhibit considerable random move- 
ment. As a result, instead of constant numbers in each 
element 6V, we would expect a certain randomness about 
some value. In fact, the numbers would form a Poisson 
distribution about some mean value.©) 

In the spray-drop technique, the situation is more complex. 
We have two sets of particles in the liquid. Each of the 
numbers (7;77;) will have a randomness of the type described 
above which may be called an “‘inherent variation.”’” Added 
to this are variations due to experimental factors—inadequate 
mixing, contamination during spraying, aggregation of 
particles, etc. These variations may be referred to as “induced 
variations.” 

Before any analysis procedure is begun, it is important to 
know whether there are any induced variations in the numbers 
(n,;m;). As indicated above, some authors have attempted to 
do this by the use of the correlation coefficient. This is not 
valid. The correlation between n; and m; has two parts: 


(i) correlation between n-type and m-type particles within 
drops of the same size; 


(ii) correlation between n-type and m-type particles within 
drops of differing sizes. 


Considering part (i), if one assumes as above, that the two 
sets of particles are independent, each with independent 
Poisson distributions, .the correlation should not differ 
significantly from zero (see Fig. 1). Departure from zero 


Number of m-type particles 


Number of n-type particles 


Fig. 1. -Showing near-zero correlation between n-type 
and m-type particles in drops of the same size 


would indicate either a wrong assumption as to the distribu- 

tions being independent, or that excessively large numbers of 

one particle type are present so as to restrict the available 

volume of the drop left for the other particles. The latter 

alternative is most unlikely, but in any case the correlation 

would not be expected to be large. 
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Considering part (ii), the correlation here will depend on 
the range of sizes of the drop taken (see Fig. 2). In most 
cases, it will be high, provided a reasonable range is con- 
sidered, since the numbers of n-type and m-type particles 
are expected to rise with drop size. The strength of the 
correlation indicates to some extent the range of drop size 


Number of m-type particles 


Number of n-type porticles 


Fig. 2. Showing finite correlation between n-type 
and m-type particles in drops of differing sizes 


considered, rather than the absence of induced variation. 
The correlation, in other words, is confounded with drop size 
and means little unless the drop sizes are given. 


SUITABLE TEST FOR THE ABSENCE OF INDUCED 
VARIATION IN THE NUMBERS (n,m;) 
) 


For the ith drop, containing (n,;m;) particles we may con- 
sider these values each to be single numbers from two Poisson 
distributions of mean values (v;1;) and 


(3) 


Now the probability of obtaining m; from a Poisson 
distribution, the mean of which is j4;, is 


Y;[bi = Ki 


(4) 


It follows from equations (3) and (4) that the joint proba- 
bility for obtaining (n;m;) for all drops is the product of 
similar expressions as (4) fori = 1, 2,3...N. 


Pmi = (€7**. 7D)/m;! 


le. joint probability or likelihood 
— Kj opp. a Ve YE 
0 (Ss . (Kj[4) ; e . ] (5) 


n;! m;! 


By the method of maximum likelihood choice of the 
estimates of «; and yz; which maximize the above, give the 
values 

RK; = 1; = n/m; 


(6) 
(7) 


Now, if we add the condition that there is no induced 
variation in the series of drops, we would expect 


ae — 
sist 


kK; = constant = p 


(8) 


Replacing each x; by p in equation (3), and maximizing 
again, we get 
p =r = Xn, /Xm,; 


Bi = % + m)/. +r) 


(9) 
(10) 


As a criterion of the absence of induced variation we test 
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the condition of x; = constant = p against «; not constant. 
To do this we compute the likelihood ratio test, ie. we 
compute the ratio R of the maximum value of the likelihood 
[equation (5)] which can be obtained when the «;’s can be 
different [substituting from equations (6) and (7)], to the 
maximum likelihood when x; = p [substituting from equa- 
tions (9) and (10)]. It is known that for large samples, 
minus twice the natural logarithm of this ratio is distributed 
as a X-squared probability with (N — 1) degrees of freedom: 
This distribution has been extensively tabulated by many 
authors and is readily available.7:*® (Strictly, the number 
of observations should be large compared with the number 
of parameters fitted: this is not the case here, but the test 
should at least distinguish between those mixtures which 
fulfil the hypothesis and those that do not, even if the 
probability levels differ slightly from those given by the 
y-square table.) 

Thus replacing the x;, p and jy; by their estimates in the 
expressions for the likelihood, we obtain 


—2 log, R = 2F = 22 [n,; log, n; + m; log, m; 
—(n; + m;) log.(n; + mj) 


—n; log. r + (n; + m;) log. +r)] C1) 
the right-hand side being distributed as y? with (N — 1) 
degrees of freedom, if N is large. 

The expression for 2F in equation (11) is easily computed 
with the aid of Table 4. The y-squared probability P can be 
obtained from one of the references given above, e.g. Ref. 7. 
This P is the probability of obtaining by random chance a 
value of 2F as large as that computed, if there is an absence 
of induced variation and if the distribution is Poisson as 
postulated. A high value of 2F is indicative of unequal x; 
or non-Poisson distribution and gives a small value of P. 


VALUE OF Fr 


Having established a test for the absence of induced varia- 
tion, we now proceed to find the best estimate of the ratio r, 
its variance and its most desirable value. 

Provided there is no induced variation in the pairs (n;m;), 
then the best estimate of the ratio has already been calculated 
in equation (9); i.e. best estimate of r = Xn;/Xim;, and this 
is the same expression as is used in the common procedures 
already described. 

From equation (10) it follows that 


= [r/d +n]; + m) 


Now vy; and yz; are means of Poisson distributions to which 
n; and m; belong respectively. It follows that the best esti- 
mates of the variance of these Poisson distributions are given 
by equations (10) and (12), since the variance of a Poisson 
distribution is equal to its mean. 

By summing these two equations over all values of i, it is 
easy to show that the best estimate of the variance of iin; is 
Xin; and of Xm; is Um;. To obtain the variance of the ratio r, 
we can only use the usual approximate formula for the 
variance of the ratio of independent variates and this reduces 
to 


(12) 


of = PL /En) + Em] Gg) 


This is the value obtained by Luria, Williams and Backus 
by a slightly different reasoning. 
The labour in determining r is confined mainly to counting 
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n; and m;. We may use the expression (Zn; + mj) as a 
measure of the labour in determining r. For constant labour, 
we wish to find the value of r, which makes the proportional 
error of our determination a minimum. We compute the 
coefficient of variation A = a,/r from equations (9) and (13) 
and the condition Xn; + Xm; = constant = c. It is easy 
to show that the minimum value of o,/r is obtained when 


en, = C}/25 
A=(14+n)/r'?ell? 


For r < 1, A varies as r—'/? and for r > 1, A varies as 
r'l2, At r= 15 or 0:065, the error A is only twice the error 
at r= 1. Thus the error in r increases slowly for r deviating 
from unity. 

The change in the error in r, discussed above, assumes a 
constant amount of labour (Xn; + &m;). We may obtain a 
given error in r by obtaining many different pairs of n; and m,, 
the most efficient counting being obtained of course when 
Xin; = Um;. This is illustrated in Table 1. 


eel 


and that 


Table 1. The proportional error in r obtained at constant 
labour for various values of r and also the amount of labour 
required to obtain the same error atr = 1. 


Proportional error Count total of Most efficient 


inr (%) 400 particles counting r = 
in um un; Lm, 
10 200 200 200 200. 
13 100 300 125 125 
20 25 375 50 50 


DRAW (OF INE WES) 


It is not easy to obtain a mixture of two suspensions where 
the ratio of concentration is known beforehand. Instead, 
sets of pairs of numbers which display the same properties as 
(n;m,;) were obtained in the following way. 

Over 400 pairs of numbers (range 1-50) were obtained on 
two independent counters in the same room, recording cosmic 
rays. The counters could be switched on and off simul- 
taneously and were so operated for various short time intervals. 
The counts on both channels for a single operation of the 
switch were recorded as a pair and the operation was repeated 
over 400 times over various time intervals to obtain a table 
containing approximately equal numbers of integers 1-50 on 
the first register. The channels were then run for a long 
time and the ratio of these counts was used later as the 
“expected value” of r. ; 

Groups of 16-20 pairs of numbers were made up by taking 
pairs at random from the table. The test was applied to each 
group and the probability P for the values of 2F so obtained 
was read from published tables.” The values of P and r 
for several sets of (n;m;) are shown in Table 2. The expected 


Table 2. The values of P from the test for various groups 
of data with ratio r 

r 0-87 0-88 0-91 0-93 0-95 0-96 

iP 0-68 0-62 O28 0-25 0:77 0:92 

r 0-96 1-00 1-03 OZ 1-08 easly? 

'B 0:83 0-91 0-53 0-85 0-02 0-09 


value of the ratio r (i.e. p) is 0-966. The value of o, IS 
approximately 0-075 for all these determinations. 
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The last two columns of Table 2 have values of r furthest 
from the expected value p = 0:966. They also have the 
lowest value of P. This may be a coincidence, or it may 
indicate some dependence of P on r, or it may follow from 
the fact that the groups were taken from a limited universe 
(of the order of 400 pairs) or the approximation of N being 
large was unsatisfied (N = 16 — 20). Much further work 
would be needed to elucidate this. 


COMPARISON OF THIS TEST WITH CORRELATION 
COEFFICIENT 


Table 3 gives figures obtained for both tests on some 
groups of data. That the proposed test is a critical one is 


Table 3. Comparison of new test with correlation 
coefficient 
y hep iediins & eochiciems. cof eeeluin CO) 

a 1-00 0-91 0-91 <0-1 
b f12 0-09 0:76 <0 
c 0-86 0-55 0:84 <0-1 
d 0-80 0-005 0:66 <i 
e 1:01 0:92 0-65 a 


obvious; (a) and (b) are two results from the trial; (c) was 
obtained from a modification of the data for (a), in which 
the values of n; for i odd were changed to #n;, thus simu- 
lating bad mixing. In result (d), the values of n; for i odd 
in (a) were changed further to 4n;. The new test showed 
these changes, but the correlation coefficient still showed 
high significance. The change in P from (a) to (c) is not as 
large as may at first sight be expected. The value P = 0:91 
in (a) is high and indicates that the data are exceptionally 
uniform. The change in the data from (a) to (c), whilst 
appreciable, has produced pairs (n,;m;) which are still reason- 
ably uniform. The further change in (a) to (d) has, however, 
produced a marked change in the uniformity. 

In result (e), the data for (a) were again modified by 
‘omitting the three pairs of smallest numbers. As would be 
expected, the correlation coefficient has changed greatly, but 
the other test showed the result to be a good one, as indeed 
it is. 


RECOMMENDED PROCEDURE 


The procedure can be summarized as follows: 


(1) Adjust the ratio of the number of virus particles to the 
number of latex particles in the suspension to be 
sprayed, so that the expected ratio is nearly unity 
(within one order of magnitude). This can be done 
by preliminary trials. 

Tabulate pairs of numbers (”;m;) for N drops from the 
micrographs. Compute 2F from equation (11) with 
the help of Table 4. Consult suitable tables’: ®” to 
obtain the probability of obtaining this value of 2F if 
there were no induced variation. If the test shows 
that the data are not unsatisfactory, then compute the 
following: 

(3) best value for ratio r = Ln,/Xm;; 

(4) variance of ratio o2 = r?[(1/2in;) + (1/2m))]. 
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Table 4. nlog,n 
n n loge n n n loge n n n loge n 
1 0 38 138-23 USS 323-81 
2 sD 39 142-88 76 829553 
3 3-30 40 147-56 UE 334-47 
f 23) 41 152-26 78 339-82 
5 8-05 42 156-98 79 345-19 
6 10-75 43 161-73 80 350-56 
a. 13-62 44 166:51 81 355-96 
8 16:64 45 171-30 82 361-35 
9 19-78 46 176-12 83 366-77 
10 23-03 47 180-96 84 37ZAA9 
11 26:38 48 185-82 85 377-63 
12 29-82 49 190-70 86 383-08 
13 33-35 50 195-60 87 388 -53 
14 36995 51 200-52 88 394-01 
\) 40-62 52 205-47 89 399 - 49 
16 44-36 53 210-43 90 404 -98 
17 48-16 54 215-41 91 410-49 
18 52:03 55 220-41 92 416-01 
19 55295 56 225-42 93 421-53 
20 59-91 57 230-46 94 427-07 
2 63-94 58 23595 35 432-62 
22 68 -00 59 240-58 96 438-18 
23 72. 60 245 - 66 97 443-75 
24 AOD2IT 61 PESO F/7) 98 449 - 33 
25 80-47 62 255-88 99 454-93 
26 84-71 63 261-02 100 460-52 
Dy 88-99 64 266:17 101 466-13 
28 93-30 65 271-34 102 471-75 
29 97-65 66 276-52 103 477-37 
30 102-04 67 281-72 104 483 -02 
31 106-45 68 286-93 105 488-67 
32 110-91 69 293 75; 106 494 - 33 
33 £1539 70 297-40 107 499 -99 
34 119-90 71 302-65 108 505-67 
35 124-44 qo 307-92 109 511-36 
36 129-01 73 313-21 110 517-06 
37 133-60 74 318-50 111 522-76 
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The chromatic field aberrations and their correction in a three lens 
reflexion electron microscope - 


By D. H. Pace, M.A., British Paper and Board Industry Research Association, Kenley, Surrey 


[Paper received 25 October, 1957] 


The coefficient of the chromatic difference in magnification for a three lens reflexion electron 
microscope is found to be a function of the focal length of the intermediate lens and the axial 


position of the objective aperture. 


A condition is shown to exist for which the coefficient 


vanishes and the aberration is then corrected. The coefficient of the chromatic difference in 

rotation is proportional to the overall rotation of the image and can be minimized by exciting 

lenses in opposition. The effect on the image of a misalinement of the objective aperture 1s also 

dealt with. Tolerances in the settings of the correction conditions for the aberrations and in 

the alinement of the objective aperture are calculated for typical values of the energy spread in the 
electron beam at low and high angles of beam deviation. 


INTRODUCTION 


In the reflexion electron microscope the resolving power is 
determined by the chromatic aberration of the system because 
of the relatively large energy losses suffered by electrons 
scattered from the specimen. The resolving power d on the 
axis of the microscope is given by the equation 


d = aC,6v/v (1) 


where « is the semi-angle of the aperture, 

C,is the chromatic aberration constant of the objective 

lens, 

dV is the energy spread of electrons forming the image 
-and Vis the accelerating voltage. 
However, abaxial points are in general less well defined 
because of the chromatic field aberrations of difference in 
magnification and rotation. These aberrations, particularly 
the former, can severely limit the size of the focused region 
unless consideration is given to their reduction. This is 
particularly necessary when the angle of beam deviation, and 
hence the energy spread, is large. 


CHROMATIC DIFFERENCE IN MAGNIFICATION 


The theory of the chromatic difference in magnification of 
actual electron lenses has been put forward by Morito“ and 
his results agree with the experimental evidence of Katagiri. 
These results are, however, only valid for transmission 
electron microscopy. The only mention of this aberration 
in reflexion electron microscopy is by Cosslett and Jones) 
and they do not give a generally valid solution. From 
Morito’s results it appears that the rather weak lenses used 


Fig. 1. 


Image formation in a three lens electron 
microscope 


for the relatively low magnifications needed in reflexion 
work may be considered as “‘thin” to a good approximation. 
The treatment given here is therefore derived from the light 
optical analogue. The focal lengths of the lenses are con- 
sidered to be proportional to a variable V corresponding to 
the voltage of the electrons. 

In calculating the chromatic aberration of magnification it 
is necessary to consider the general case of the unfocused 
image for the system focuses only those electrons of a certain 
energy. It is possible to derive for a system of three thin 
lenses an expression for the magnification on the screen in 
terms of a parameter u, the distance between the lens centre 
and the intersection with the- axis of the ray leaving the 
object. The image formation in a three lens electron micro- 
scope operating at low magnification™ is shown in Fig. 1. 

We can then obtain the following expression :— 


k 1 


Mix Ao hn [Maa fy — dd, + Af, + af, — fi fru 


+ (d\d, — dy fo — ay fo)f\| 
where a is the object distance, 


k is the distance from the third lens to the screen, 
Si, 42, f3 are the focal lengths of the three lenses, 


and _d, and d, are the separations between the two pairs of 


lenses. 


This equation assumes that /; may be neglected in the presence 
of terms containing d,, d,, f, and k. 

It is interesting to note in passing that the condition for a 
focused image may be derived from this equation. When the 
image is in focus the magnification is independent of u giving 
the condition 

afi Site 


Ul eee ee re 


In reflexion electron microscopy the specimen becomes 
effectively a secondary source of electrons. The variation in 
intensity of the scattered beam over an angle as small as the 
aperture is negligible so that the image is formed on the 
average by those electrons passing through the centre of 
the aperture. w is thus the distance between the aperture and 
the centre of the lens. When the aperture is on the side of the 
lens remote from the object, wu must be replaced by the 
parameter ¢ where u(t — f\) = fyt. 

From equation (2) it is possible, by differentiation. with 
respect to V, to derive the coefficient of chromatic difference 
of magnification Cy, given by 8M. V/SV. M. 


Ge GBddy — 2dy fy — 2d fy + hh = 2d fiu + (dafy + dy fy — 2d\d5)f; 


(fy + dif, — dd, + fy — fi fyu + did, — dy fy — ay fy)f; ae 
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[t will be seen that there is a value of /, for which Cy, vanishes 
and it is this value that is required for the correction of the 
magnification error. The condition is 


oe (3d,\d, — 2f,d,)u — 2d,dpf; 
2 (2d, + 2d, =f) ame (d; aia dy)f; 


if f, is considered small compared with d, and d, this reduces 
Ke) 


(5) 


_ 4a, (3ulfi— *) eee ae z) ho dds 
Died) Qf Gea ea eG 
(6) 


The focal length required is thus a function of the position of 
the aperture. | When the aperture is in the back focal plane of 
the lens y is\ 1-5. In this condition electrons leaving the 
specimen travelling parallel to the axis are selected by the 
aperture. This is similar to the case of transmission micro- 
scopy in which the image is formed largely by electrons 
leaving the specimen travelling parallel to the axis. This 
condition (with y = 1~5) is not explicitly stated by Morito™ 
though it can readily be derived from his equations. Cosslett 
and Jones“) give this condition with y = 2 for a reflexion 
nmstrument, but make no mention of the dependence of this 
sonstant on the aperture position and do not state the position 
for which their equation is valid. A graph of aperture 
position against the value of y for which the aberration 
sonstant is zero is shown in Fig. 2. 


2 \ 6) \ 2 
u/f, t/t, 


Fig. 2. Relationship between aperture position and y 
fequation (6)] 


For a given position of the aperture the effect on the 
aberration constant of an incorrect choice of the intermediate 
lens focal length can be determined and is ‘given by the 


>quation 
(1 — $)[6@/f,)* — Tlf) + 2] 
(36 — 2)(ulf,)? + B — Sd)ulf,) + 26 — 1 


where } = fo/fo0, f9 being the value of f5, for which Cy = 0. 
Fig. 3 shows the effect on the aberration constant-of variation 


(7) 


Cy = 


O06 O7 Os O09 o oO | 12 13 4 


Fig. 3. Relationship between coefficient of chromatic 
difference in magnification Cy, and ¢ [equation (7)] 
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in ¢ for different positions of the aperture. It is also possible 
to determine the effect on Cy, of an incorrect choice of the 
aperture position. It is given by Cy, = u/(f — u) when the 
aberration is corrected for the aperture at the centre of the 
lens (Fig. 4, curve A),and Cy, = f/(f — u) when it is corrected 
at the back focal plane (Fig. 4, curve B). 

It should be noted that the assumptions made earlier, that 
J, and f; may be neglected compared with d,, d,, f, and k are 
not strictly valid under normal working conditions. The 
effect of this approximation is generally small. However, 
equation (7) gives a value for Cy, that can be appreciably 
lower than the correct value when ¢ is less than 0-8. 


2 

| 

Cm 
ro) B 
=| A 


| u/f, e) t/f, t 


Fig. 4. Relationship between coefficient of chromatic 
difference in magnification Cj), and aperture position 


APERTURE CENTRICITY 


The effect of an eccentric mounting of the aperture may be 
considered from equation (4) and is included here because 
of the importance of accurate aperture centration in reflexion 
work. The ray passing through the centre of an eccentric 
aperture does not in general cross the axis. In the special 
cases in which it does the position of crossing is different for 
each object point. It can be shown from equation (4) that 
an eccentricity of the aperture produces in the absence of a 
rotational aberration a uniform lateral blurring of the image 
in the direction of the eccentricity. This blurring is inde- 
pendent of the axial position of the aperture provided it lies 
between the centre of the lens and the back focal plane and 
is approximately given by the equation 


Ox = poV/V 


where p is the eccentricity of the aperture. ; 

When the aperture lies between the lens and the object the 
centration is more critical and the aberration is given 
approximately by the equation 


ox = (1-— ula) 'psViV (9) 
In the presence of a rotational aberration a misalinement of 


the aperture causes a movement of the centre of rotation in 
the direction perpendicular to the direction of eccentricity. 


(8). 


CHROMATIC DIFFERENCE IN ROTATION 


The difference in rotation ds of an image due to an energy 
spread SV is given by the equation 
Sh = fdV/2V 
where ¢ is the total rotation of the image. 
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The coefficient of chromatic difference in rotation is then 
simply given by: 
(11) 

Thus the rotational aberration is only completely corrected 
for certain discrete values of the lens currents that make the 
total rotation of the image zero. Fortunately complete 


correction of this aberration is not necessary. The tolerance 
in the correction will be considered in a later section. 


Cp = Viy/SV = /2 


EXPERIMENTAL RESULTS 


A quantitative verification of equation (6) has been made 
and the experimental points are shown in Fig. 2. The simple 
theory is apparently adequate in describing the relationship 
between the required focal length and the aperture position 
when the aperture is below the centre of the lens. When the 
aperture is above the centre of the lens the experimental points 
deviate from the theoretical curve but a qualitative agreement 
still holds. Good agreement was also obtained in a single 
experiment to determine the value of Cy, for a given value of 
¢ [equation (7), Fig. 3]. While no further verifications have 
been made all the results agree qualitatively and to some extent 
quantitatively with the author’s experience in reflexion work. 


PRACTICAL SIGNIFICANCES 


To ensure a sharp image over the area of a lantern plate 
the error in the magnification 6M/M should not exceed 
1-5 x 10-3. This would give quite a large field having 
1300 resolved picture points across its width. It has been 
estimated that, with an angle of beam deviation of 26-5°, 
dV/V is approximately 0:01,°) whereas at low angles of 
beam deviation (5—10° say) it is in the region of 0-0015. 
Cy must therefore lie within +0-15 for the high angle case 
and within +1-:0 for low angles. This represents quite a 
severe restriction at high angles for the focal length of the 
intermediate lens must lie between 93 and 109 °% of the correct 
value, when the aperture is at the centre of the lens. At low 
angles the restriction is far less severe and the magnification 
aberration is not troublesome provided that the focal length 
of the lens is greater than 75% of the calculated best value. 
The restriction is, however, more severe when the aperture 
is positioned in the back focal plane of the lens. 

The effect of a vertical movement of the aperture on the 
constant Cy, shown in Fig. 4, is of some practical importance. 
It is often the practice in reflexion work to raise the aperture 
for focusing. This increases the angular aperture and gives 
a brighter image of poorer resolution that is more easily 
focused. The aperture is then lowered for recording the 
image. The coefficient Cy, varies however with variation of 
the aperture position and if it is zero when the aperture is 
in its lowered position it can become appreciable when the 
aperture is raised. The effect is only noticeable at high angles 
of beam deviation, but under these conditions it can mar the 
image sufficiently to offset the advantages of this technique. 

Alinement of the aperture is critical both at low and high 
angles of deviation. It will be seen from equation (8) that the 
maximum permitted eccentricity is 6 2 at high angles when a 


resolution of 600 A is sought and 13 at low angles when a 
resolution of 200A is sought. A method by which this 
accuracy can be readily achieved is described elsewhere. 
The greater sensitivity of the image quality to aperture 
centration when the aperture is raised [equation (9)] is 
another factor that makes the procedure of raising the 
aperture for focusing ineffective at high angles. 

The reduction of the rotational aberration [equation (10)] 
to an insignificantly low value may be readily achieved by 
choosing the senses of the lens excitations so as to minimize 
the total rotation of the image. The aberration is unnoticeable 
when Sy is less than 1-5 x 10-3. This implies that ys must 
be less than 17° at high angles of deviation and less than 120° 
at low angles. Such conditions can usually be found within 
the magnification range required. 5 


CONCLUSIONS 


The simple light optical analogue is adequate for an 
approximate quantitative treatment of the chromatic aber- 
ration of difference in magnification in the reflexion electron 
microscope. The coefficient of this aberration is dependent 
on the focal length of the intermediate lens and the axial 
position of the objective aperture. A focal length of the 
intermediate lens exists for which the coefficient is zero and 


at this setting the aberration is corrected. The tolerance in — 


this setting is dependent on the energy spread of the scattered 


electrons and is approximately +8°%% at the high angle of © 


beam deviation of 26°. 
tolerance is much wider. 


At low angles of beam deviation the 
The effect of the chromatic difference 


in rotation of the image is less important and sufficient cor- — 


rection is normally obtained when the lenses are excited in 
opposition making the overall rotation of the image small. 
The alinement of the aperture is critical both in low and high 
angle reflexion work and must be made with some accuracy. 

One of the main advantages of the reflexion method lies 
in the large overall view. of the specimen that it affords, but 
this is only realized when the field aberrations are corrected. 
Micrographs showing the large attainable field of view under 
correction conditions, at a high angle of beam deviation have 
appeared in an earlier communication.©) The author has, 
however, seen many reflexion electron micrographs both 
exhibited and published in which the field aberrations have 
severely limited the field of view. Much of the value of the 
reflexion method is then lost. It may well be that the lack of 
attention to these aberrations in the past is responsible in 
part for the general loss of interest in reflexion work. 
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Solid angle corrections to single scattering 
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and P. I. P. KAtMus, B.Sc., Ph.D., Department of Physics, 


University College London 


[Paper received 25 November, 1957] 


Corrections relating the average intensity of particles scattered into an aperture of finite solid 

angle to the intensity at the centre of the aperture are given for rectangular and circular apertures. 

The dependence of the corrections on aperture shape and scattering angle is calculated for 
electrons scattered according to the simple Mott formula. 


In scattering experiments it is not possible to observe the 
number of particles scattered at a single angle 6) but only 
over a finite solid angle. In experiments where the scattered 
particles are detected by counters, this is usually accomplished 
by scattering into a collimating aperture which subtends a 
‘known solid angle at the point of scattering, having @p at its 
‘centre. 

If the variation of scattering intensity with angle is given 
‘by o(f) where o(8)d@ is the differential scattering cross- 
‘section then since the particles which are counted will all 
‘+have been scattered through slightly different angles, the 
average intensity 7, over the aperture will not in general be 
sequal to Jp the intensity at 6. 

_ For convenience consider the angle 69 to be in the horizontal 
plane. Then if the particle is scattered into the eis 
aperture in such a direction as to make angles A@,, AQ, 


, 


‘the horizontal and vertical planes with the angle Bo, it ‘can 
be shown from spherical trigonometry that the particle has 
-been scattered through an angle which to a second order 
‘approximation is given by 


I 


= 0) + A@, + 4(A0,)? cot I (1) 


The effect of the integration of this equation to cover the 
cases of rectangular and circular apertures is to be considered. 


: 
} 
| RECTANGULAR APERTURE 
If the defining aperture is a rectangle having horizontal 
: ‘and vertical sides and having an angular width W and angular 
iheight h, the average intensity of scattering into this rectangle 
has been given by Lyman, Hanson and Scott“) and is 


; ah? cot 6) . a’ W? 
ee | | 
ie (1 o24 624 ) 
=I) + C) (2) 


where o’ and o” represent the first and second derivatives of 
a with respect to @. 


Thus it can be seen that the correction C, which must be | 


applied in order to correlate J, and Jy depends on different 
functions of the height and width of the aperture and hence 
for a given angle of scattering depends on the shape of the 
aperture. 

- Furthermore it can be seen that in a particular angular 
range where o(@) is a monotonic function which decreases 
more rapidly than linearly with 0, o’ will be negative and 
0” positive, and hence while the width-dependent term in 
equation (2) will always be positive, the height-dependent 
term will be negative for values of 0) up to 90°. Hence in 
principle it would be possible to obtain a zero correction at 
any angle up to 90° by correct choice of the ratio h/W 
provided the function o(@) was of the type specified above 
and was known. 
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In practice this function is not generally known exactly 
and hence either an approximate angular variation of cross- 
section would have to be assumed, or alternatively the experi- 
mentally determined (uncorrected) variation could be used | 
aS an approximation in order to calculate the correction and 
hence a more accurate value of the cross-section obtained. 
Thus it would be desirable to keep the solid-angle correction 
at a fairly low value. 

The solid angle correction is seen to be zero when the 
height to width ratio is 


h a’ a’ cot By 
HANG Gl ) 
Oo oO 
This ratio would be different for each angle and if cross- 

sections are to be measured at a series of angles it may not 
be very desirable to have a different defining aperture at 
every angle used. One reason for this which is applicable 
to high energy scattering is that there is another correction — 
connected with the defining aperture, namely the correction 
due to multiple scattering of the particles through the 
material of the collimating aperture. This correction has 
been calculated by Courant) who listed values of the 
correction for protons collimated by long narrow slits and 
by Kalmus) who calculated corrections for electrons of a 
particular energy (28 MeV) collimated by circular apertures. 
This correction which depends on the material of the colli- 
mator and the energy resolution of the detecting apparatus 
(since the particles passing through the material of the 
collimator will have lost energy and hence could be dis- 
criminated against) results in an effective increase in aperture 
dimensions. Thus if this effect is important as it can be at 
high energies, it would be desirable to use the same colli- 
mating aperture at all angles. It is therefore instructive to 
calculate the solid angle corrections at various angles for 
rectangular apertures of different shapes which subtend a 
given solid angle. 


CORRECTIONS FOR MOTT SCATTERING 


The solid angle corrections have been calculated using the 
variation of o(@) given by the Mott formula in the fully 
relativistic case and Born approximation. 

This formula which is valid for the elastic single scattering 
of electrons by point nuclei provided that the electron 
velocity approaches that of light and that 7/137 < 1 where 
Ze is the nuclear charge, is 


ZEN* cos? 30 


4 
2E/ sin2 46 4) 


o(6)d0 = ( 


where E is the total energy of the incoming electrons. 
Since the electron energy must be relativistic and yet not 
sufficiently high for finite nuclear size effects to become 
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important, equation (4) would not be valid outside the 
energy range 3 to 20 MeV and would not even be strictly 
accurate in this range if radiative corrections as calculated by 
Schwinger are taken into account. However, for the 
purposes of the solid angle corrections it should yield usable 
results for a much wider range of energies. 

Fig. 1 shows the solid angle corrections as calculated from 
equations (2) and (4) for rectangular apertures of various 
heights to width ratios. The corrections have been expressed 
as percentage corrections for a solid angle of 0-01 sterad but 


Percentage corrections per O-Ol sterad 


180 


Scattering angle @ 


Fig. 1. Solid angle corrections for rectangular apertures 
of various height/width ratio 
(a) Correction for h/W = 1 


(b) ——— — —— Correction for h/W = 4 
(c) — — — — A/W x correction for h/W— 0 
(d) —— - - ——-- W/h x correction for h/W-—> oo 


could alternatively be regarded as fractional corrections per 
unit solid angle. 

Fig. 2 shows the aperture height to width ratios required 
in order that the solid angle correction for Mott scattering 
should be zero. It can be seen that very high, narrow 
apertures are required when the angle of scattering approaches 
90°. For small angles the required ratio h/W—> 4/5 as: 
6 —> 0, but at 6 = 0 a zero correction is not possible. Zero 
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corrections also cannot be obtained for scattering angles 
above 90°. 


Scattering angle @ 


Fig. 2. Height/width ratios required for zero solid angle 
corrections 


CIRCULAR APERTURES 


By suitable integration of equation (1), over a circular 
aperture subtending a solid angle © at the point of scattering 
it can be shown that the average intensity J in this case is 
related to the intensity at the centre by 


Qo’ cot Ay + ae) 


870 


hes AG na (5) 


It can be seen that this correction is almost identical to that 
for a square aperture (h2 = W*2 = Q), the number 24 in 
the denominator of equation (2) being replaced by 87. 
Thus circular aperture corrections will have exactly the same 
angular dependence as square apertures but will be lower by 
a factor of 3/77, i.e. 0-955. 
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[Reproduced from Philosophical Magazine] 


Fig. 1. Electron micrograph of a molyb- 

denum oxide platelet, resolving the (020) 

planes of spacing 6:9A (1500000) 
(Menter and Bassett) 


[Reproduced from Proceedings of Regional 
Conference on Electron Microscopy] 


Fig. 2. Crossed molybdenum oxide lamellae, 
showing typical fringe pattern with spacing 
110 A (x 125000) (Dowell, Farrant and Rees) 


[Reproduced from Nature] 


Fig. 3. Moiré pattern from superimposed 

gold and palladium lattices with (111) planes 

in parallel orientation. Edge dislocations are to 

be seen in several regions ( x 200000) (Pashley, 
Menter and Bassett) 
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[Reproduced from Proceedings of the Royal 
Society of London] 


Fig. 4. Rows of dislocations piled up against 

a grain boundary. Direct electron micro- 

graph of stainless steel film (10500) 
(Bollmann) 


Fig. 6. Longitudinal section of metaphase chromo- 

some from locust testis, fixed with formaldehyde 

and stained with lanthanum acetate (14000) 
(Gibbons and Bradfield) 
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Fig. 5(a) 


[Reproduced from Proceedings 
of the Royal Society of London| 


Fig. 5. Sequence of electron 
micrographs of stainless 
steel film. Many of the 
dislocations are dotted and 
some have spread into bands 
(as at A), owing to the 
stacking fault formed when 
a dislocation splits into two 
partials. Bis a wide stacking 
fault; C isa twin boundary. 
In (c) the back partials of 
A and B have moved up, 
removing the stacking fault 
(x 32500) (Whelan, Hirsch, 
Horne and Bollmann) 
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(a) 
[Reproduced from Journal of Biophysical and Biochemical 
Cytology] 
Fig. 7. Longitudinal (a) and transverse (4) sections of (b) 


locust spermatid nuclei at late stage of maturation. 
Fixed with formaldehyde and stained with lanthanum 
nitrate (35000) (Gibbons and Bradfield) 


(a) (b) 


Fig. 9. Silver (1500 t.p. in.) and copper 
(300 t.p. in.) grids in the X-ray scanning 
microscope ( x 375). In (a) the analysing 


[Reproduced from Nature] system records only silver K radiation, in 
Fig. 8. Reflexion micrograph from the clectron scan- (b) only copper K radiation (Cosslett and 
Duncumb) 


ning microscope of silver azide needle on heated silver 
disk decomposing from lower end (4500 latcrally, 
< 3250 vertically) (Bowden, McAuslan and Smith) 


[Reproduced from Physikalische Blatter] 


Fig. 11. Phase shift in the electron interference fringes 
at the edge of a carbon film, resting on another film 
( < 5000) (MGllenstedt and Biihl) 
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By D. J. Craik and P. M. GRIFFITHS 
See pages 279-282 


Bisel <5 ,icrograph of coarse structure on Fig. 2. 500. Micrograph of coarse structure on 
cleaved surfac "manganese ferrite, by normal wet cleaved surface of manganese ferrite, by “‘dried” film 
colloid technique technique 


Fig. 3. 1000. Micrograph of fine structure on cleaved surface of manganese ferrite 
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Fig. 4. 10000. Electron micrograph of fine structure 
on cleaved surface of manganese ferrite 
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By H. FEssLer and D. J. NES 


See pages 282-2 


Fig. 2. Example of stress free model 


Fig. 6(a). Load = 1000 lb = 0:34 Y 


Fig. 6(4). Load = 2000 lb = 0-68 Y 


Fig. 6(c). Fringe pattern after removal of 2000 lb load 


Fig. 6. Fringe patterns on 3 in. wide aluminium alloy lug. Numbers indicate fringe orders. 
Yielding of the metal corresponds to 1-90 fringes 
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‘train measurement on flat aluminium alloy surfaces 


Fig. 6(d). 


Reloaded with 2000 Ib = 0:68 Y 


Fig. 6(e). Load = 2600 lb = 0-88 Y 


Fig. 6. (continued) 


New techniques for the study of Bitter figures 
By D. J. Crark* B.Sc., and P. M. GrirritHs, B.Sc., Department of Physics, University of Nottingham 


[Paper first received 21 January, and in final form 6 February, 1958] 


New techniques for the study of Bitter figures by optical and electron microscopy are described. 

In the case of the optical microscope an improved resolution and clarity is achieved. The 

method for the electron microscope is a modification of that previously published. Examples 
of the use of the methods are given. 


1. INTRODUCTION 


In 1931» Bitter first introduced what is now one of the most 
powerful methods for the investigation of ferromagnetic 
phenomena. In the demagnetized state most ferromagnetic 
materials have a complex structure of domains and where 
these domains intersect the surface, lines or sheets of magnetic 
poles appear. Bitter suggested that, if a sufficiently fine 
ferromagnetic powder or suspension of particles could be 
applied to the surface of a ferromagnetic crystal, these 
magnetic poles would attract the particles and the domain 
structure would be represented by a corresponding pattern 
formed by the powder. Satisfactory patterns are obtained 
by the use of a colloidal suspension of magnetite (Fe3;04) 
when a little is placed on a specially prepared crystal surface 
and covered with a thin glass microscope cover-slip. This 
forms a thin layer which may be examined under a metal- 
lurgical microscope. Generally, the surface must first be very 
carefully mechanically polished and finally electropolished to 
remove the strained layer, since what is generally desired is 
a pattern which is representative of the internal domain 
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structure, and the pattern formed on a mechanically polished 
surface may be affected by the residual stresses in it. 

The method has been extensively used, e.g. by Bates and 
others and Williams and others, for the study of domain 
configurations in very different materials in the demagnetized 
state, and it has provided explanations of magnetization 
processes in terms of changes in domain configuration. 

Although so successful, this method has certain limitations 
with the colloids generally used in that the surface must be 
nearly optically flat to provide a uniform colloid layer, the 
surface is liable to become heavily stained by prolonged 
contact with the colloid, and the colloidal particles tend to 
lose their mobility while still in the liquid layer. In order 
to overcome the staining and loss of mobility, a new colloid 
was developed (Craik and Griffiths™), and it is now found 
that even irregular surfaces may be examined by a new 
method described below. 

The resolution of optical microscopes limited the applica- 
tion of the Bitter technique until Craik®) produced films of 
powder patterns which could be examined in an electron 
microscope. A modification of the latter method enables a 
higher resolution to be obtained even with an optical micro- 
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scope. In fact, the resolution of the patterns so obtained 
approaches the resolution limit of the microscope itself. 


2. THE NEW COLLOID 


In early work one of two colloids due to Elmore and to 
Bozorth® was used. For the first a slurry of magnetite is 
prepared, added to a 0:5% solution of sodium oleate and 
then peptized with 0-01 N HCI. The required dispersion of 
the particles is obtained by boiling for a short time. For the 
second, the slurry is prepared in the same manner, but is 
not peptized. The stabilizing substance used is n-dode- 
cylamine. In this case the dispersion is obtained by stirring 
very rapidly; Bozorth recommended a stirring speed of about 
6000 rev/min. The true particle size is the same in both 
cases, being governed by the preparation of the slurry, but 
it is generally found that the aggregate size is very much 
finer in the case of the former colloid. 

For the new colloid the magnetite slurry is prepared 
according to Elmore’s recipe: 2 gm FeCl,4H,O and 5:4 gm 
FeCl,6H,O are dissolved in 300 cm? of water at 70° C, to 
which 5 gm NaOH dissolved in 50 cm? of water are added 
with constant stirring. The heavy black precipitate of 
Fe,;0,4 is washed with distilled water to remove salt and 
excess NaOH. The slurry is added to a 0-1 N HCl solution 
when it is peptized to form a dense colloid. A solution of 
Celacol* is then added to give a final concentration of 0:5 
to 1-0%. A small quantity of glycerine, approximately 10% 
weight for weight of Celacol, is also added. The colloid is 
then dialysed against distilled water through a membrane of 
cellophane to remove Cl” radicle. 

This colloid may now be used in the usual manner and it 
is found to have no detrimental effects on the polished 
surfaces, even when used for prolonged investigations. 
Moreover, it is a true colloid and the mobility of the particles 
is maintained indefinitely. 


3. TECHNIQUE 


Craik®) found that when a colloid containing Celacol was 
allowed to dry on a smooth surface the particles remained in 
their dispersed state, set in a solid matrix of Celacol; the 
absence of coarse aggregates is shown by photographs 
Figs. 4 and 5 (p. 277). Generally, if a colloid is allowed to dry 
the particles merely form coarse aggregates which adhere 
to the surface and cannot give a true representation of the 
domain structure. The Celacol film may be removed from 
the surface taking with it the colloid pattern. On the surface 
of a ferro-magnetic crystal the particles set in regions of high 
magnetic divergence, and when the film of Celacol is removed, 
a permanent record of the domain configuration is obtained. 
This film may be mounted for examination in an electron 
microscope. 

Apart from the advantages of the higher resolution of the 
electron microscopic examination, the fact that this colloid 
dries on a surface without distortion of the patterns leads to 
certain advantages from the point of view of optical micro- 
scopy. This method was first used in conjunction with an 
optical microscope by Craik and Griffiths to study an 
irregular surface obtained by cleavage of a single crystal of 
manganese ferrite. Due to heavy undulations of the surface, 
examination using the ‘‘wet’’ film technique was impossible, 
but a Celacol film allowed to dry on this surface followed the 


* Celacol is distributed by J. M. Steele and Co. Ltd., 36 Kings- 
way, London, W.C.2. 
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surface contours and gave a fine band pattern lying across 
several undulations upon the cleaved surface. Hence, it is 
possible to follow the pattern on a surface with a wide range 
of orientations. Once the film is formed, the pattern over 
the whole of the crystal surface can be examined at leisure, 
a great advantage in the case of complex structures. 

In preparing a film for optical examination a little colloid | 
is spread on the surface with a glass rod, the excess being} 
removed by blotting the edge of the specimen, which is| 
slightly inclined to ensure uniform drainage. The film 
should be sufficiently thick to appear a brownish-yellow 
colour by reflected light; when the film is somewhat thicker 
it appears blue. Thick films produce an effect similar to 
that of a photographic negative of the colloid patterns, in 
that the lines of domain structure appear bright against a | 
dark background. 

Occasionally it is difficult to wet the surface with colloid, | 
so that the whole of the applied colloid drains from the 
surface during blotting. This is overcome by carefully 
washing the surface in pure ethyl alcohol, or, if the foregoing 
method proves unsuccessful, the surface may be degreased | 
by pressing a piece of Sellotape against it and stripping it 
away. The latter procedure is not recommended in the case 
of loosely bound sintered ferrites. Sellotape is also used to 
remove the colloid film after examination, when the film 
leaves the surface completely clean and unstained. 

The limitation of the dried film method is that it cannot 
be used on crystals which are readily oxidized in the presence 
of water. Thus, it may be used on cobalt, nickel, ferrites 
and any unreactive material such as Alnico, but not on iron 
or silicon-iron where perhaps a new colloid made by 
Schwartze may be employed. 

In electron microscopy different techniques must be 
employed. The essential difference lies in the fact that the 
film must be transferred to the microscope for examination 
by electron transmission. The film must therefore be stripped 
from the surface without tearing or distortion. The colloid 
used is similar to that described above, except that the 
colloid contains fewer magnetite particles, and to obtain the 
finest patterns it is also necessary to ensure that no large 
particle aggregates are present. The colloid should be 
passed through a fine filter paper before dilution to the 
required strength. The strength depends upon the type of 
pattern which is to be examined. For use with the optical 
microscope the colloid, when freshly prepared, has a very 
dense black appearance; for electron microscopy it should 
have a clear, deep amber colour. A greyish amber colour 
implies that some aggregation has taken place. 

The colloid is applied in a similar way to that described 
above for the optical microscope; a thickness which corre- 
sponds to a pale yellow colour is most suitable to give the 
necessary resolution and still have sufficient strength to 
withstand the action of the electron beam without tearing. 

In order to remove the film from the surface a thick 
collodion film is applied by drying a little of the solution in 
amyl acetate. A fine scalpel is used to lift one edge of the 
film without touching the specimen surface and the film is 
then stripped away with forceps. The composite film is laid 
collodion side downwards on a copper specimen grid which 
rests on a curved strip of wire mesh. Amyl acetate is intro- 
duced under the mesh and is periodically removed and 
replaced until the collodion is completely dissolved, when 
the Celacol film having the domain pattern alone rests on 
the specimen grid. This requires approximately one hour 
with two or three changes of the solvent. In the original 
method a thin plastic film was superimposed on the specimen 
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surface, to reduce the adhesion of the Celacol film. When 
glycerine is incorporated in the colloid the film may be 
“ormed directly on the surface, since the glycerine increases 
the equilibrium water content of the Celacol and so reduces 
its adhesion. For this reason it is desirable to place the 
specimen bearing the double film under an inverted beaker, 
to the inside of which a few drops of water adhere, for a little 
time before stripping, or alternatively to breath gently on the 
film. It was found in the case of cobalt, on which a very 
smooth surface may be obtained by electropolishing, that 
after the surface had been rinsed with alcohol, parts of the 
Celacol film still tended to adhere to the surface, even though 
the above precautions were taken. However, if the specimen 
is washed in soapy water, rinsed well with distilled water 
and dried by careful blotting, the film may be stripped easily, 
presumably because this treatment leaves a very thin layer 
of grease on the surface. 


region by both optical and electron microscopy. In order to 
strip a pattern from a particular area, it is located under the 
‘optical microscope using a low power objective, and a 
standard electron microscope specimen grid is positioned so 
that the required area appears through the apertures. A 
small drop of a solution of 1% collodion in amyl acetate is 
then dropped on the grid, and allowed to dry. After checking 
to ensure that the grid has not been moved, a thick layer of 
a more concentrated solution of collodion is applied after 
which the specimen grid is removed with the double film. 

It is usually found necessary to examine the patterns at 
relatively low electron optical magnifications only, and a low 
beam intensity may be used.” When it is necessary to use a 
higher magnification and correspondingly higher beam 
intensity, the latter should be increased slowly as the film 
becomes tougher on exposure to the beam; presumably 
cross linking is induced. © 

The aim of the electron microscope technique is to produce 
and examine a Bitter figure pattern which is truly representa- 
tive of the domain structure. The width of a domain wall 
in cobalt or iron is of the order of 10~>cm. Since the 
diameter of the colloid particles is 10~°cm it is clearly 
possible to obtain sufficient resolution in the patterns to give 
a true representation of the walls. In order to see these walls 
as approximately 1 mm wide, a magnification of 10000 x is 
required, and this is sufficient for most purposes. However, 
high magnifications must occasionally be used, e.g. for the 
direct measurement of the wall thickness. This measurement 
was achieved by preparing a series of patterns using pro- 
gressively more dilute colloids. The finest continuous line 
of particles which could be obtained was considered to be a 
fair representation of the wall itself. 


4. DISCUSSION 


Apart from the necessary use of the dried film technique 
for the optical microscopic examination of an undulatory 
surface, there are advantages in its use on a normally polished, 
flat surface. When it is required to apply a moderate field 
parallel to the surface of a crystal, e.g. to examine the 
approach to saturation of a soft magnetic material,.it must 
be placed between the pole pieces of an electromagnet, and 
it is generally possible to arrange the microscope so as to 
observe Bitter figures by the wet film technique. However, 
where very large magnetic fields are necessary, as may be 
the case for a small specimen of a high coercivity material, 
large pole pieces have to be used. It would be impractical 
to arrange an optical microscope to focus on the specimen 
surface while still in the field gap. By allowing a film to 
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dry on the specimen while in the applied field, the configura- 
tion may be studied after the specimen has been removed. 
Powder patterns have been obtained on a specimen of 
platinum—cobalt in a field range of 20000 oersteds. 

To apply a normal field a bar magnet is used so that the 
microscope may be positioned directly over it. The magni- 
tude of the fields which can be applied is severely limited, 
but with the new method the specimen may be placed between 
two pole pieces so that much larger fields are possible. This 
makes possible the observation of closure structure in both 
low and high coercivity materials. 

The resolution which may be obtained using the dried 
film method is greatly enhanced compared with that obtained 
with a wet film. Fig. 1 (p. 276) taken with a wet film shows 
a typical region of the cleaved surface of a single crystal of 
manganese ferrite, which is an approximate (100) surface. 
A structure is visible, but it is somewhat “‘patchy.”’ When 
a corresponding region was observed with a dried film 
(Fig. 2, p. 276) a much more clear and detailed structure was 
found. On examining this structure with the maximum 
magnification obtainable a secondary or substructure was 
found (Fig. 3, p. 276). This, however, was certainly not 
found in the “wet” condition. The substructure appears as 
a pattern of slab-domains of 0:7 wu spacing (Bates, Craik 
and Griffiths”), and discontinuities from a regular pattern 
may be readily noted. Since this resolution of 0:7 w is 
obtained without the use of an oil immersion lens, it 
approximates closely to the maximum theoretical resolution 
of the optical system. For comparison with this high 
resolution optical micrograph an electron-micrograph of 
the same structure is shown in Fig. 4 (p. 277). This shows — 
that the lines seen in the optical micrograph are in fact 
uniform bands with their spacing equal to their width. This 
is not the only instance of the revelation of extra detail 
which is not seen by the wet film method; patterns to be 
published shortly have been obtained on various poly- 
crystalline ferrites which could not be seen at all using the 
wet film techniques. These patterns cannot be due to possible 
distortion in the Celacol film which may result from tensions 
set up during drying, for by allowing a film to dry on a plane 
glass surface no structure at all was seen with reflected light, 
but only a very few coarse particle aggregates. A similar 
conclusion was reached by electron microscopy examination. 
Yet these patterns can be seen to move under the effect of 
an applied field by a “‘stepping’” method. This technique 
unfortunately does not permit the observation of a domain 
wall in motion. However, it is quite simple to obtain 
successive films in different magnetic field conditions and so 
observe the corresponding changes in the domain structure. 

As has already been stated, much improved resolution is 
obtained by the dried film technique with the optical micro- 
scope, both from the point of view of the clarity of the 
picture obtained, and also the resolution of fine structures 
which are not otherwise recorded. This is because firstly, 
there is no film of liquid and no glass coverslip interposed 
between the pattern and the lens system, and secondly, and 
more important, the drying of the film greatly reduces its 
thickness. The usual liquid film is probably about 5 wu 
thick, since the coverslip will be largely supported by 
asperities of the surface, which is never perfectly flat after 
electropolishing. The magnetic field at a distance r from the 
surface, where it is intersected by a domain wall, is pro- 
portional to 1/r and the magnetic force on a colloidal particle 
is proportional to this field. Since the thickness of the 
Celacol film immediately before drying is of the order of 
0-5 pu or less, the average magnetic force acting on a particle 
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at this stage will be 10 greater than in the case of a liquid 
film with the thickness suggested. Thus, where magnetic 
poles appear they will tend to collect the colloidal particles 
more strongly and will be particularly important in the case 
of materials with a low saturation magnetization, e.g. many 
ferrites and nickel—iron alloys. Moreover, as the film dries 
the liquid itself becomes more viscous and Brownian motion 
is inhibited, so that there will-tend to be a progressive increase 
in the concentration of the particies in the vicinity of a source 
of magnetic poles. Thus, while in a wet film a statistical 
distribution of particles between high field and low field 
regions may be presumed to exist, e.g. as Kittel and Galt) 
assume, in our case (see Fig. 5, p. 277), the particles may 
all reside in the regions of high magnetic divergence. It may 
be noted that in this figure no particles whatsoever can be 
seen outside the dense lines. 
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A photoelastic technique for strain measurement 
on flat aluminium alloy surfaces 


By H. Fesster, M.Sc., Ph.D., A.M.I.Mech.E., and D. J. HAINgs, B.Sc., 


The University of Nottingham 


[Paper received 17 October, 1957] 


A technique is described for bonding layers of an epoxy resin on flat aluminium alloy surfaces. 
Joints which withstood more than 4% strain were obtained by carefully controlled preparation 


of the metal and the adhesive. 


Initial birefringence was avoided by curing the joint without 


external pressure and by slow cooling after finish curing at 65° C. 
The different types of reflexion polariscopes are discussed, the strain fringe values for the 
reflecting layer and for the adhesive are estimated. A test of a lug describes an application of 


the method. 


NOTATION 


C = stress optical coefficient 
E = Young’s modulus 


P = force 
R = relative retardation 
T = time 


Y = force to cause yielding of net section of lug, if the 
section were loaded in uniform tension 


jr = fringes 

t = thickness 

6 = deformation 
o = stress 

€ = strain 


v = Poisson’s ratio 

Suffix A refers to adhesive 

Suffix L refers to photoelastic layer 
Suffix M refers to metal 

Suffices 1, 2 refer to principal directions. 


INTRODUCTION 


It is well known that the stress distribution in components 
made of ductile materials can be improved by exceeding the 
elastic limit in the highly stressed regions. When this occurs, 
parts of the component are subject to plastic stresses while 
the rest is stressed elastically. Plasto-elastic stress distri- 
butions occur frequently but are very difficult to determine 
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theoretically. The experimental method described in this 
paper employs a birefringent layer to determine the strains 
on the surface of metal components. Because of the unique 
relationship between elastic stresses and strains, the extent of 
the elastic regions and stresses in these regions are readily 
calculated from the strain distribution when a criterion of 
yield has been assumed. 

The method first suggested by Mesnager‘!) is based on the 
large range of the linear relationship between birefringence 
and difference of principal strains which exist for some 
photoelastic materials; it relies on the adhesion of the bire- 
fringent layer to the surface of the metal component to strain 
the layer in the same manner as the component. A beam of 
polarized light is passed through the layer, is reflected at the 
metal surface, passed back through the layer and the relative 
retardation of the components of the beam is analysed in the 
usual manner. This paper describes how this simple principle 
can be applied. 

In 1950 and 1951 Scott and Linge carried out experiments 
at the College of Aeronautics.) They coated various metals 
with layers of most of the photoelastic materials known at 
the time. Layers of Marco resin (a mixture of SB26c and 
SB28c) (by Scott Bader and Co. Ltd.) were cast on to the 
metal or bonded with Araldite 101 (by Aero Research Ltd.). 
The metal surfaces were prepared by sandblasting which 
caused warping and residual stresses near the surface. 
“Cast-on” and bonded layers showed considerable initial 
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tresses. From the published photographs of fringe patterns 
n lugs and holes in plates, the greatest difference of principal 
trains does not appear to be more than 1-5°%. 

In 1954 D’Agostino, Drucker, Liu and Mylonas®) reported 
on the use of various resins for cast-on and bonded specimens. 
3ecause of the difference in contraction between the cast-on 
ayer and the metal, the initial stresses which existed in the 
ayer at room temperature are greatly reduced by testing at 
he curing temperature of the resin. In this way the authors 
ybtained strains of up to 2% in cast-on specimens. Because 
heir photoelastic layers were 4 in. thick, they encountered 
ippreciable errors at the boundaries of the models and at 
he edges of the layers. No quantitative results are given 
yut the fringe pattern for a perforated bar shows initial 
stresses for the cast-on layer at the test temperature. 

In 1956 Zandman™ reported the use of what he called 
yhotoelastic varnishes. He built up layers 2 to 3 mm thick 
dy applying thin layers of an ethoxylic resin derivative. No 
quantitative results are given but various field applications 
ire quoted. Initial stresses are present in the photoelastic 
ayers. A similar paper was published by Zandman and 
Wood.) 


THE PROBLEM OF ADHESION 


Murphy and Page carried out a systematic investigation 
of the weight and porosity of the oxide layers on aluminium 
and of the weights of vinyl and epoxy resins which will 
adhere to these surfaces. They showed that porous heavy 
oxide films retain more resin than tightly packed films. 

_ The nature of the oxide film depends on the temperature 
of the water bath in which the metal is immersed after 
etching. Below 71°C bayerite (8AI,0;.3H,O) is formed 
on aluminium. The weight of oxide formed and the strength 
of the joint between oxide and resin increase with increasing 
water temperature and are greatest slightly above 71° C when 
boehmite («Al,03.H,O) is formed. Above 80° C the bond 
between the metal and the oxide is weak. It therefore seems 
that a strong joint depends on the formation of a heavy, 
porous oxide film which firmly adheres to the surface of the 
metal and retains the largest possible weight of resin adhesive. 


EXPERIMENTAL SEQUENCE 


The method of making a specimen may be subdivided as 
follows: 

(1) Choice of materials. The strongest adhesive for a 
particular metal and a convenient photoelastic layer must be 
found by experiment. In this investigation Araldite 102 (by 
Aero Research Ltd.) was used as the adhesive to join layers 
of another epoxy resin, Araldite casting resin B (by Aero 
Research Ltd.), to aluminium alloys. 

(2) Preparation of surfaces. The metal surface has to be 
““machined’’ to the required surface finish, freed of grease in 
a detergent bath, rinsed, etched, immersed in a water bath 
and dried. - The surface of the photoelastic layer has to be 
machined, cleaned and dried. 

' (3) The adhesive. The constituents of the adhesive have 
to be mixed in the correct proportions and the air entrained 
in mixing must be allowed to escape. After the two surfaces 
which are to form the joint have been coated with adhesive, 
they are both kept face upwards for a period to allow the 
remaining air bubbles and volatile constituents of the adhesive 
to escape. 

(4) Bonding. After this evaporation period the layer is 
placed on the metal and the trapped air is forced out by 
finger pressure on the (flexible) layer. Heavy pressure is 
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applied to the joint for a few seconds; this reduces the 
adhesive to a thin uniform layer. The adhesive is then 
allowed to gell and partly cure at room temperature without 
the application of pressure to the joint and the curing is 
completed at an elevated temperature. 

(5) Manufacture of specimen. It was desirable to machine 
the metal to the required profile before bonding the layer to 
it; it would be impracticable to do this for the layer, because 
the latter would be too thin to handle and almost impossible 
to place exactly in the required position. The bonded 
specimens were therefore surface ground to obtain the 
desired thickness of layer and given the correct profile by 
very careful drilling and filing of the layer. 

Whenever possible the bonded specimens were kept in a 
dessicator to retard the formation of (humidity caused) time 
edge stresses in the photoelastic layer. 


VARIABLES OF THE PROCESS 


The following are factors which influence the joint: 

(1) The metal surface. The surface finish. The com- 
position, temperature and immersion time in the detergent, 
etching agent and water bath. The drying time, temperature 
and surroundings. 

(2) The surface of the layer. The surface finish. The 
composition and method of application of the cleaning agent. 
The drying time, temperature and surroundings. 

(3) The adhesive. The composition, mixing procedure, 
method and extent of de-aeration, temperature at which 
adhesive is kept, the time between first mixing and coating 
of the surface, the time between coating and contact of the 
surfaces, the temperature and surroundings of the coated 
surfaces. 

(4) Bonding. The way in which the surfaces are brought 
into contact, the method of excluding air from the joint, 
time and intensity of pressure on the joint, curing time and 
temperature, cooling rate after curing. 


DEVELOPMENT OF METHOD 


A beam in pure bending was chosen as a simple test to 
assess the effect of the different variables on the joint strength. 
The test beams consisted of duralumin strips as shown in 
Fig. l(a). These beams were loaded up to failure of the 
tin. thick photoelastic layer or of the bond. Failure, which 
always originated on the tensile side of the beams, was 
detected from discontinuities in the fringe pattern. The 
strain at which failure occurred was calculated from measure- 
ment of the curvature of the test beams. 

Two possible methods for the preparation of the metal 
surface were known at the outset of the investigation. That 
of Mylonas and co-workers“) consisted of: 


(a) Immersion in a detergent solution (19 g anhydrous 
sodium metasilicate 2g alkyl aryl sodium sulfonate, 
710 ml. tap water) at 75° C for 4 min. 

(b) Rinse in cold water. 

(c) Immersion in etching solution (5% chromic acid) at 
70° C for 2 min. 

(d) Rinse in cold water. 

(e) Drying in cool or hot air. 


The method of Murphy and Page“ consisted of: 
(a) Immersion in detergent solution (methyl ethyl ketone) 
at room temperature for 10 min. 
(b) Rinse in cold running water. 
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(c) aces in etching solution [15 ml. H,SO,4 (sp. 
— 1-84), 2-8g Na,Cr,0,.H,O (tech), 100ml. 

One at 71° C for 5 min. 

(d) Rinse in cold running water. 

(e) Immersion in water (pH = 7 — 8) at 70 to 75° C for 
10 min. 

(f) Drying in air blast. 

(g) Immersion in methyl ethyl ketone at room temperature 
for 16h. 

(h) Drying in air blast. 


= 3/8 in. Z 
LI 


hinged loading pads 


Fig. 1: Specimens 


(a) for bending tests of joints; (6) for bending tests of photo- 
elastic layer; (c) for calibrations. 


It was decided to try Mylonas’s method. The first series 
(specimens D1 to D4) was intended to investigate the effect 
of surface finish and etching time. The results given in the 
table show that the bonds were weak and that polishing may 
possibly weaken them further. The curing temperature and 
time refer to a finish curing of the adhesive after room 
temperature curing for one day. This high temperature curing 
was more severe than recommended by the makers of the 
adhesive and was intended to ensure complete curing. Heavy 
clamping of the joint during room temperature curing 
caused initial stresses in the layer which were not removed 
by the high temperature curing. The second series (D5 to 
D10) was intended to study the effects of etching time and 
curing temperature. The high temperature curing times were 
adjusted to give approximately equal intensity of curing. 
This was done by plotting curing temperature-time curves 
from the data supplied by the makers of the adhesive and 
arranging the tests to give a curve of the same form. The 
results given in the table suggest that 65° C may be a suitable 
curing temperature but are inconclusive regarding the effect 
of etching time. Light clamping of the joint caused reduced 
initial stresses. 

Because the Araldite layer broke in some of these speci- 
mens, a bending test on Araldite Casting Resin B was carried 
out. The model shown in Fig. 1(6) was loaded in pure 
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bending and failed in the parallel portion at more than 
4-5°% strain. This limits the use of this material to strains 
of about 4%. 


Results of bending tests 


Etch Cure Cure rb? 
urface fini. i emp. time 0 fai 
Specimen > sea ie Guin) CO) (h) (%) 
DiI Polish D 60 7 0:9 
D2 W.D. 400 2 60 7 0:9 
D3 Polish 5) 60 7 0:7 
D4 W.D. 400 5 60 7 1-2 
DS Light polish 5 45 12:0 1°37 
D6 Light polish 5 55 UELD 1-4 
D7 Light polish 10 55 IPD 1-0 
D8 Light polish 10 65 5:0 1-7 
D9 Light polish 15 65 5:0 ees 
D10 Light polish 15 75 3:25 1-9 
Dil W.D2802) 10st 65 5:0 4-44 
D12 W.D. 280 10 65 5:0 3 Grane | 
D13 W.D. 280 10 65 5-0 7:44 | 
DIZ 8 Wiehe 1 5 65 5-0 all 4-3+ | 
El Ground 20 65 520) AO 
E2 Ground 30 65 5:0 3-9+ 
Bie? Ground 15 65 5-0 both 4:5+ 
D = duralumin strip 
E = D.T.D. 683 sheet 
F = D.T.D. 646 B sheet 
W.D. = wet and dry emery cloth (number is grade) 
+ indicates sound at stated (greatest applied) strain 


The third series was a preliminary investigation of the © 
method of Murphy and Page. The main differences between — 
this and Mylonas’s method are the immersion of the metal | 
in hot water and in methyl ethyl ketone. Specimens D11_ 
to D13 were immersed in distilled water at 70° C for 10 min 
but only D12 was immersed in acetone at 50° C for 20 min. 
D13 was covered with a thick layer of adhesive only. D11 
and D12 were very lightly clamped and showed small initial 
stresses after room temperature curing for two days, but 
increased stresses after the high temperature cure. The 
results given in the table suggested that the hot water bath 
was beneficial but that the acetone bath was not. The 
adhesive is far more ductile than Araldite Casting Resin B. 

In the fourth series (D14 to D18) the successful method of 
D11 was repeated to test its reliability. The room temperature 
curing was reduced to one day without any clamping pressure 
(except for a few seconds after the components were joined). 
No initial stresses were caused in the room temperature cure. 
Slow cooling at 3° C per hour after the high temperature 
curing prevented the formation of any initial stresses. All 
joints remained sound at strains greater than 4°%. 

The last two sets of tests recorded in the table showed 
that the method was also successful for other aluminium 
alloys, that the surfaces could be ground and that long 
etching periods had no detrimental effect on the joint strength. 

No further tests were carried out because a technique for 
measuring up to 4% strain. was deemed sufficient. 


SUCCESSFUL TECHNIQUE 


(1) Preparation of metal. The surface ground or emeried 
surfaces were cleaned by immersion in a detergent solution, 
similar to that used by Mylonas [2g Teepol (by Shell 
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Themicals Ltd.) 21 g waterglass, 710 ml. distilled water] for 

-min at 75°C. This detergent solution becomes stale after 
ise. After rinsing in cold distilled water, the specimen is 
mmersed in the etching solution [15 ml. conc. H,SO,, 
"8g Na,Cr,0,.H,O (tech) 100ml. distilled water] at 
95°C for 15 min. The bonding surface must be uppermost 
n the flat tray in which this process is conveniently carried 
yut. The purpose of this operation is to remove the existing 
oxide layer from the surface; overetching does not seem to 
ye detrimental. The solution can only be used once but one 
itre of the mixed solution would be sufficient to etch about 
{50 in.? of aluminium. 

After thorough rinsing in cold distilled water, the specimen 
's immersed for 10 min in distilled water at 70-75° C. This 
astablishes a heavy porous oxide layer on the surface, which 
‘s soft. The oxide layer is dried and hardened for 30 min 
n a hot air oven at 50° C. 

(2) Preparation of the layer. The layer was machined 
from 5 in. thick flat sheets of Araldite Casting Resin B, 
which were cast in the usual way.) The bonding surface 
was ground and cleaned by rubbing with cotton wool 
impregnated with acetone, followed by cotton wool impreg- 
nated with methyl alcohol, as recommended by Mylonas. 
After this the pieces were dried for 10 min in a hot air oven 
at.50° Cz 

No attempt was made to improve this part of the technique 
for, although it resulted in a weaker bond between the layer 
and the adhesive than between the adhesive and the metal, 
the resulting joints withstood strains of over 4%. Strains 
greater than this exceed the ductility of Araldite Casting 
Resin B but can be measured by a thick layer of the adhesive 
used as the photoelastic layer. 

(3) The adhesive. To avoid unnecessary exposure of the 
prepared surfaces, the adhesive, Araldite 102, should be 
weighed out when the metal surfaces are being etched. It 
is important that the proportions of hardener 951 to the resin 
are exactly 6 parts to 100 because the amount of hardener 
controls the behaviour of the adhesive. The resin and 
hardener were mixed in a shallow dish and stirred at approxi- 
mately five minute intervals for }h to prevent segregation of 
the hardener. The shallow dish facilitated the escape of 
most of the air introduced in the mixing. 

(4) Bonding. The warm metal and the photoelastic layer 
were cooled to room temperature by resting on a cold metal 
surface. The adhesive was applied to the prepared surfaces 
in moderately thick layers with a spatula and left for approxi- 
‘mately #h with the adhesive uppermost. This allowed a 
volatile solvent present in the adhesive and the remaining 
entrapped air to escape and the adhesive on the metal to 
thicken. 

Preliminary tests showed that sliding the mating surfaces 
over each other shears the adhesive and entraps much air. 
The mating surfaces were placed in contact and the trapped 
air pockets, the outlines of which are visible through the 
layer, were expelled at the edges of the layer by finger pressure. 
After this the assembly was put under the greatest pressure 
which could be applied in an engineer’s bench vice with flat 
smooth jaws for about +min. This pressure reduced the 
adhesive to a constant thickness over the whole joint. The 
thickness varied between 0:0003 in. and 0-0025 in. for 
different specimens. 

(5) Curing. After the compression of the adhesive, the 
specimens were kept at room temperature for 24h. The 
curing of the adhesive was completed by maintaining the 
specimens at 65° C for 5h in a hot air oven. During both 
curing cycles the only pressure on the joint was due to the 
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weight of the photoelastic layer because it was found that 
pressures of only a few ounces/in.” caused initial stresses in 
the layer. Slow cooling of the specimens at 3° C/h from 
65°C to about 25°C prevented the formation of initial 
stresses in the final stage of the making of the joint. 

Fig. 2 (p. 278) shows an example of a stress-free model of a 
lug, produced as described above. The actual hole was 7% in. 
diameter, the photoelastic layer was 0-015 in. thick and the 
thickness of the adhesive was 0-001 in. The grey parts of 
the lug are due to light reflected from the surface of the layer. 
Any portion of the lug could be made to appear black by 
slight changes in the direction of viewing. No attempt was 
made to reduce this slight reflexion because it did not disturb 
the fringe patterns. 


THE POLARISCOPE 


Reflection polariscopes can be of the Vee or doubling type. 
In the Vee type the polarizing and analysing elements are 
placed side by side and the size of these elements and their 
distance from the model determine the angle between the 
incident and reflected rays. This angle may cause appreciable 
errors in regions of large strain gradient. 

To avoid these errors the doubling polariscope shown in 
Fig. 3 was developed. The partial mirror makes it possible 
for the incident and reflected ray to be almost co-linear. A 


partial mirror 
4/4 plate 


analyser 
filter 


projecting x 


system 


model 
lames net plate 


pane = polorieer 


condenser 


<— lamp 


Fig. 3. Diagram of doubling polariscope 
disadvantage of this type is the low intensity of the light 
emerging from the analyser. To photograph the fringe 
pattern all stray light must be excluded or absorbed. This 
was done by a number of black baffles. A major source of 
stray light arises from the part of the original beam which is 
transmitted through the partial mirror and reflected by any © 
surface which obstructs its path in the y direction (Fig. 3). 
This was prevented by reflecting the light at A on to a large 
light absorbing black cloth B. The baffles also reduced the 
dust in the light beams and thus the amount of light scattered 
by dust particles. 

If the model is placed normal to the x direction, the 
reflexion from the upper surface of the photoelastic layer 
tends to mask the fringe pattern. This was avoided by 
inclining the model through 2° as shown in Fig. 3. The 
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apparatus was set up with a mirror C in place of the specimen. 
This mirror was also used to assess the suitability of different 
nickel-chrome plated partial mirrors. Fig. 4 shows that the 
best results are obtained with mirrors of 35-40% light 
transmission. 
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% transmission of mirrors 


Fig. 4. Polariscope mirror characteristics 


Greater intensities of emerging light could have been 
obtained by placing the model across the y axis, but this 
would have prevented Tardy compensation because of the 
partial polarization of the reflected beam when it is reflected 
(instead of transmitted) at the partial mirror. 


CALIBRATIONS 


Because the photoelastic layer is strained rather than 
stressed it is convenient to use a strain-optical coefficient. 
From Hooke’s law, for plane stress 


Jé, 


O71 Opi 1 ar NG €>) 
Therefore 
GE, 
UR Clo; On)t a 1 fice (€, €>)t 


The calibrations were carried out in simple tension, when 
€; — €) = €,(1 + vy), for the metal. Duralumin specimens 
of the shape shown in Fig. 1(c) were used. Poisson’s ratio 
for these specimens was determined by measurement of the 
transverse strain on the upper horizontal surface when this 
specimen was loaded as a cantilever. A Johanssen extenso- 
meter was used for this and Poisson’s ratio was found to 
be 0-32. 

To ensure that the calibrations were carried out within the 
elastic range of the metal a tensile test was carried out. The 
extension was measured with a dial gauge type extensometer 
of 2 in. gauge length, the weight of which was supported on 
soft springs to avoid bending the specimen. Young’s 
modulus was found to be 10:4 x 10° lb/in.2 and the limit 
of proportionality was above 0:32% direct strain. A tensile 
specimen of Araldite Casting Resin B was used to determine 
Young’s modulus for the layer. This is necessary to assess 
the reinforcement of the metal by the layer. Two Huggen- 
berger extensometers were used to measure the extensions 
and Young’s modulus was found to be 0-48 x 10° Ib/in.? 

The strain fringe value for the adhesive was determined 
from a 0-032 in. thick layer of adhesive cast on to one surface 
of a duralumin tensile specimen and found to be 2200 fr/in. 
(5461 A wavelength light) for unit strain difference. The 
greatest strain in this test was 0:35°% to avoid errors due to 
creep of the adhesive. The strain fringe value for the layer 
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was obtained from a bonded layer 0:055 in. thick and wal} 
11000 fr/in. for unit strain difference. A correction wat 
made for the thin layer of adhesive which formed the joint 
The greatest strain in this case was 0:31°%, measured wit 
the dial gauge extensometer. The fringe order was uniforni 


over the gauge length throughout both tests. 


SOURCES OF ERRORS 


In a perfectly bonded joint the adhesive may cause errors 
in two ways. Creep in the adhesive may change the strair 
(and the associated birefringence) of the layer and relaxatior 
of birefringence in the adhesive under constant strain ma 
reduce the total birefringence for a given condition of thd 
metal. Both effects decrease with decreasing thickness of th 
adhesive. 

The change in birefringence of the layer under constant 
strain was studied with two tensile specimens ¢ in. wide andj 
0:07 and 0-08 in. thick. These specimens were clamped 
between steel plattens approximately 4 in. apart; the plattens 
were displaced to give a constant strain to the specimens 
and the change in fringe order was observed. The results: 
of these tests are shown in Fig. 5. The rapid fringe decay 
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Fig. 5. Fringe decay in 3 in. wide strips of adhesive, 


approximately ;¢in. thick under constant extension. 
Gauge lengths approximately 4in. Results from 4% 
strain shown O. Results from 6% strain shown X 


in the early part of the tests is attributed to the effect of the 
inevitable stress concentrations at the plattens. It is sug- | 
gested that the dotted straight line may be a better indication | 
of the actual fringe reduction, which would represent a 

decrease of 0:15%%/min, independent of the original strain. 

This fringe decay has little influence on the actual readings | 
because the optical sensitivity of the adhesive is only + of 
that of the layer. In a typical specimen the thickness of the | 
layer would be about 20 times the thickness of the adhesive 
so that the adhesive only contributes about 1° to the total | 
birefringence. | 

The effect of creep in the adhesive may be considered as 
follows. When the component is loaded, metal, adhesive 
and layer are subjected to the same strains. These strains 
produce a two-dimensional stress field in the plane of the 
specimen. It is assumed that the strains in the metal remain 
constant and that the elastic stresses in the layer try to relieve 
themselves and thereby cause creep in the adhesive. 

When creep occurs, the strains in the adhesive vary across 
the thickness. The greatest change of strain occurs at the 
adhesive-layer interface so that any calculations based on the 
assumption that the interface stresses act throughout the 
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‘thickness will predict greater errors due to creep than may 


‘ 
ij 


be expected in practice. This assumption removes the 
restraining effect of the metal surface so that to satisfy 
equilibrium, the forces in layer and adhesive acting on any 
area normal to the metal surface must be equal (and opposite). 
Because 


\ n Pr = Py and 

| P= E X «€ X (area normal to metal surface) 
er Egb, 
€4 Extr 


| 
i 
| 


‘- 


] 
j 


of the adhesive in tension was complex. 


as the widths of the normal areas are equal. 
Because of creep in the adhesive «4 and Ey, are functions 
of time. After time T the change of strain is 


\ 


The stress field may be considered in terms of the principal 
stresses at any point and the strain changes can therefore be 
estimated from tensile tests. Specimens made of adhesive 
were tested under constant load and the increase of strain 
with time was measured. It was found that the behaviour 
The strain at a 


given time after loading depended notionly on the stress but 


Pe 2, €4- 


the creep tests. 


than those occurring in the metal. 


also on the age of the specimen and its recent history. 
Because it is also probable that the characteristics of the 
adhesive may depend on the thickness of the material during 
curing, the results of these creep tests are not reported in 
detail. 

For several tests at different stresses.E., was never greater 
than 20000 Ib/in.* immediately after application of the load. 
Because E;, ~ 500000 Ib/in.” and ¢,/t, ~ 20, «, is less than 
Extrapolation of the creep curves showed that the 
ultimate strain was less than ten times the initial strain in 
It therefore seems unlikely that errors due to 
creep of the adhesive would be large. 

- The edges of the photoelastic layer are free boundaries 
and when the layer does not completely cover the metal, 
errors are likely to occur near the edges of the layer, due to 
“shear lag.” If a direct or shear stress acts in the metal 
across the position of an edge of the layer, the stress is only 
transmitted to the surface of the layer in contact with the 
metal. The layer near such edges indicates lower strains 
The same effect may 


occur to a lesser degree where the stress-strain relationships 


of metal and layer differ, if this causes large strain gradients. 
Shear lag obviously depends on the thickness of the layer 
and is considered unimportant for layers less than 3'5 in. 
thick on machined profiles if the layer covers the whole 
specimen in the region to be investigated. 


EXAMPLE 


The method was used to study the plasto-elastic stress 
distributions in semicircular ended lugs of aluminium alloy 
D.T.D. 646B. Fig. 6 shows some of the photographic 
records of the test of one of these lugs. The thicknesses of 
metal, adhesive and layer were 0:122in., 0-001 in. and 
0-027 in. respectively. The lower part of the lug (not shown 
on photographs) was clamped to the lower jaw of a small 
tensile testing machine and the lug was loaded through a 
neat fitting, hardened steel pin. The applied loads are also 
quoted as fractions of the load required to cause yielding 
in a uniform tensile specimen of the same section as the 
net section across the lug. 
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For this thickness of photoelastic layer the strain difference 
which marks the onset of tensile yielding corresponds to a 
fringe order of 1:90. Fig. 6(a), p. 278, shows the unsym- 
metrical strain distribution with pronounced local yielding in 
the right limb. Under the greater load for Fig. 6(5), p. 278, 
the asymmetry is reduced. The residual strains after removal 
of this load are shown in Fig. 6(c), p. 278. If the onset of 
compressive yielding also corresponds to 1-90 fringes, a 
change in fringe order of more than 3-80 between Fig. 6(b) 
and 6(c) probably indicates regions where reverse yielding has 
occurred. The residual stresses in regions where yielding 
has occurred during loading cannot be evaluated directly 
from the recorded strain distributions because there is no 
unique stress-strain relationship in plastic regions. Because 
the plastic strains in this case are small, the difference 
between the fringe patterns in Fig. 6(b) and 6(c) probably 
gives an approximate indication of the residual stresses. 

Fig. 6(d), p. 279, shows the strain distribution on reloading 
with 2000 Ib; this is similar to Fig. 6(b). One of the large- 
strain patterns is recorded in Fig. 6(e), p. 279. The fringe 
pattern is almost symmetrical but the fringes are too closely 
spaced to be distinguishable. The fringe pattern for 2700 lb 
applied to this lug was also recorded before it failed at this 
load, which corresponds to 0:91 Y. 


CONCLUSIONS 


Initial stresses in the photoelastic layer and adhesive are 
avoided by applying pressure to the joint for a very short 
time only and by slow cooling after curing. 

Metal surfaces which were ground or finished with emery 
cloth gave satisfactory reflexion and joint strength up to 
4% strain. The metal surfaces may be etched for more than 
15 min but must be immersed in distilled water at 70-75° C 
to form a heavy oxide film. Acetone cleaning after this 
reduces the joint strength. 

The mixed adhesive must be given time for air and the 
volatile constituent to escape before the joint is made. Air 
trapped when the layer is placed on the metal must be 
expelled by local finger pressure before the adhesive is 
reduced to a small constant thickness by a large uniform 
pressure. 
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Stability and convergence limitations on the use of analogue 
computers with resistance network analogues 
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Various practical methods have been described for solving partial differential equations such as 

v2¢ = f(¢) by means of resistance networks coupled to electronic analogue computing units. 

These schemes are investigated mathematically to determine the conditions for which the com- 

puter remains stable, or for which the successive approximations converge to the required solution. 

It is shown that all the methods will break down if the gradient df/d¢d is negative and sufficiently 
large to cause the correct solution to be “‘wave-like.”’ 


In recent papers Karplus“) and Hutcheon?) have described 
schemes for the automatic solution of partial differential 
equations of the type 


(07f/dx7) + (07/dy?) = f() (1) 


by means of resistance networks coupled to electronic analogue 
computing elements. The differential operators in equa- 
tion (1) are approximated by finite difference operators and 
the network analogue is set up in the standard way. Thus, 
if dn, is the potential at the node (m, m) and if i,,, is the 
current withdrawn from the same node, we have the network 
equations 


(Bpei in a Piet in as 7 hat att Dail eT ADnm) ae Riven (2) 


where R is the resistance of the resistors making up the net- 
work. If the analogy (2) is to represent the partial difference 
equation (1), the auxiliary relations 


IN aa ae a hf (ham) (3) 


where /: is the finite difference interval, must be enforced for 
all n and m. In the scheme described by Karplus a set of 
electronic computing elements is attached to each node and 
these automatically alter the currents so as to fulfil the 
relations (3). In Hutcheon’s method a single set of com- 
puting elements is used, but these are connected to each of 
the nodes in turn and cyclically so that the solution is 
approached by an automatic iterative process. A somewhat 
different iterative method has been used previously by 
Liebmann™. A complete trial function 4°) is chosen and 
equation (2) is solved with Ri, = h?f(f)) to yield a second 
approximation ¢@, which is again substituted into the left- 
hand side, and so on. 

The purpose of this paper is to point out the limitations of 
these methods which arise from the need for stability of the 
total computer (in Karplus’ method) and from the require- 
ment that the iterative processes (of Hutcheon and Liebmann) 
should converge. Broadly speaking, it is shown that if the 
function f(¢) is such that the correct solution of equation (1) 
exhibits a ‘“‘wave-like” character, then the computational 
schemes described above will fail. The restrictions on 
Liebmann’s method are rather more severe. The mathe- 
matical analysis uses matrix notation and the convergence 
and stability criteria are derived from well-known theorems in 
numerical analysis. 


MATHEMATICAL PRELIMINARIES 


The discussion of the stability and convergence problems 
is facilitated by using matrix notation. For simplicity con- 
sider the one-dimensional analogue of (2) and suppose that 
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¢ is specified on the boundaries, i.e. that dg and dy, are 
given. Then the network equations are 

aes CoP a 2¢bn ate n—1) = Uy A 

TD Wee ee Nica oN | 

where uw, is related to the node currents by the relations (3). | 


This set of equations, together with the boundary con-! 
ditions, may be written in matrix notation as 


Lo=6 —u4 (5) 
where L is an N x N square matrix given by 


2 0 0 
eal PRR EN 0 
L=+—, O21 pee ee| 


eo al (6)| 


and where «p, B anduare N x 1 column matrices (or vectors) 
given by 


$1 Po 
0 


2 


Dias a [di], pB Fi h2 > 

Pn—1 0 

on net 
Uy 
Ug 

Laer = [uj] (7) f 

Un _4 
un 


If the definitions (6) and (7) are suitably generalized, 
equation (5) becomes a valid description of the difference 
approximations to partial differential equations of two or 
more dimensions. Similarly, if higher order difference 
approximations are used in place of those leading to (4), 
equation (5) still holds but the matrix L has a more compli- | 
cated form. (Some applications of higher order difference 
approximations to analogue computers are discussed in | 
Ref. 5.) | 

It follows by analogy with differential operators —d?/dx*, | 
— [(07/dx7) + (02/dy?)], etc., that the approximating matrix 
L is symmetric and positive definite, that is to say the eigen- 
values X, (r = 1,2...N) of L defined by 


Lw, = X,», (8) 
VoL. 9, JuLy 1958 
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are all real and positive. Furthermore, the lower eigenvalues 
of L will be good approximations to the eigenvalues w of 
the corresponding differential operators defined by 


dp 


Be) = — w(x), 


sa BY eis se y) = 


— w(x, y), etc. (9) 
where (x), (x, y) fulfil appropriate homogeneous con- 
(w is the characteristic 


frequency of the corresponding ‘“‘string” or ‘‘membrane.”’) 


Thus, in one dimension for a region of length / = A(N + 1), 


the smallest eigenvalue is 


Ay 2 myP (10) 


whilst for a two-dimensional rectangular region of- sides 


length / and m, 
Ay = (x? /I?2) + (7? /m?). 


For the matrix (6) we actually have the exact result 
A, = (2/h)2 sin? [ar/2(N + 1)] = 
2r2/h?(N + 1)7{1 + O[z4 


(11) 


r4/(N ile 1)*]} 


so that equation (10) is indeed a good first approximation 


} 


hold identically and the analogy would be complete. 


HOL.r=- I: 


SIMULTANEOUS ADJUSTMENT 


In Karplus’s parallel method of solving the partial differential 
equation the elements u; of the matrix uw in equation (4) 
(i.e. the currents) are simultaneously adjusted by function 
generators so as to fulfil the conditions (3). If there were no 
dynamic lag in the function generators, or (equivalently) if 
they had an infinite bandwidth, the relations (3) would always 
In 
practice, however, there is lag and the bandwidth is neces- 
sarily finite. The true dynamic performance of a function 
generator with an input ¢,(t), may, in most cases, be repre- 


sented by a single (small) time constant 7, so that, in place 
of relations (3) we have 


t(du;/dt) + u; = f($;), 


To carry the analysis further we suppose that f(#) is a 
linear function of ¢, or that, over the relevant range, f(¢) 
may reasonably be approximated by a linear function. (This 
point is discussed further below.) Thus, taking 


Nea, (12) 


f(¢) =a + bd (13) 
equation (12) can be written in matrix notation as 
t(du/dt) + u = f(¢) =a+bep (14) 


where a is the column matrix [a] = [a]. On substituting 
for u from equation (5) we obtain the dynamic equation 


tL(dep/dt) + (L + bp = B —a (15) 


for the potentials ¢p(7). The solution of this linear differential 
equation may be written 


determined by the initial (arbitrary) settings of the function 
generators and the 1, are the roots of the equation 


IL + 61 — pL|=0 (18) 


In other words, the pu, are the eigenvalues of the matrix 
I+ bL—!, and so 


foe Vis OAS 152, SN): (19) 


For stability, that is to ensure that p(t) > @s as t+, 
whatever the initial conditions or subsequent disturbances 
(noise), the real parts of all the jz, must be positive and by 
equation (19) this will be the case if, and only if, 


b> — A. (20) 


Thus we have shown that apparatus such as described by 
Karplus will only be stable and yield the correct solution of 
partial differential equations like (1), if the gradient of the 
function f(¢) is positive, or, if negative, is smaller in absolute 
value than 4,, the lowest eigenvalue of the operator L. 


ITERATIVE ADJUSTMENTS 


In the iterative scheme of adjustment described by 
Hutcheon, all the elements uv; of the matrix u are held stationary 
except for one, u;, which is varied (automatically or manually) 
until the jth auxiliary relation (3), 


u; = f(d)) (21) 


is fulfilled. During this variation all the potentials 4; will, 
in general, change so that, substituting from equation (5), 


the equation 
uy = fQL~"[B — uJ})) (22) 


is actually solved for u; at each successive adjustment, 
GN ees | (een Otatlon {why signifies the 
jth eomponent of the vector w.] Taking f() to be linear, 
as previously, equation (22) becomes 


uj= a+ {LB — w)}; 
which may be rewritten as 
{d+ bL~ ul, = {a + bL~'8}; 
ie PAA CINE O UIE D8 Ge’ 
The iterative process specified by equation (23) is none other 
than the classical “‘single-step’’ process (also known as the 


“Gauss-Seidel” method)°») for the solution of the set of 
simultaneous equations 


(23) 


(24) 


where A= 1+ bL~!. If the adjustments are not made in 
strict cyclic order then we have a “relaxation process.” 
(Such a relaxation method has, in fact, been used by Liebmann 
and Bailey in solving the related problem of finding the 
lowest normal mode and “‘cut off’? frequency of a wave- 
guide.") In either case it is known) that when the matrix 
A=I-+ bL~! is symmetric, the method converges if, and 
only if, the matrix A is also positive definite. This criterion 
is quite equivalent to the condition for stability of the last 
section and so we conclude that the method of successive 
single adjustments converges to yield the correct solution, if, 
and only if, the function f(#) is such that 


Au = g 


N 

p(t) = Ps + 2 exp (—p,1/7) (16) be rN. (25) 

where ps = [L + dI]-'(B — a) (17) Liebmann’s iterative scheme, on the other hand, is given by 
aN hag Uppy (tex (6) 0) 

is the required potential distribution representing the solution ‘ Br Bu (26) 

of the original partial differential equation. The , are and DSEL Gn) phy 2a tsa (27) 
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where ep” is the kth approximation to the required solution. 
This method is a “‘total-step”’ iteration in that all the com- 
ponents of u are adjusted simultaneously on the basis of the 
previously computed values of the potentials. When /(¢) is 
linear, equations (26) and (27) become 


pktt) 2. L(g ta) Po bL ep, 


It is readily shown: that with this iterative process pe 
converges to the correct solution @s if, and only if, all the 
eigenvalues of the ‘‘kernel matrix’? bL~! lie within the unit 
circle |z| = 1 in the complex plane. In the present case this 
implies that Liebmann’s computational scheme using “‘total 
adjustments”’ will diverge unless 


|b] <A}. (29) 


This is a more restrictive condition than equation (25) since 
it rules out large positive values of b (> A,) which are allowed 
by equation (25). The method may be modified, however, 
by replacing equation (27) by 


ui = f(pY) 
WO = 6p + —APE-Y, PO =e GBI) 


and where @ is a fixed parameter. This is equivalent to cal- 
culating the new approximation at each stage by taking a 
weighted average with. the previous approximation; the 
procedure would be quite straightforward in practice. The 
resulting iterative equation for pp has the “kernel matrix” 
I— 6072+ bL~'). Provided the condition (25) is fulfilled, 
the eigenvalues of this matrix can be made to lie within the 
unit circle by taking @ less than 2A,/(A, + 6), and in this 
case P“ and ~™ will both converge to the correct solution 
~s. Consequently the modified Liebmann scheme would 
yield solutions under the same conditions as Hutcheon’s 
“single-step” method. (The iterative process for pw is 
sometimes called a ‘‘mixed iteration’? and has been discussed 
by Wiarda.(3)) 


(28) 


(30) 
where 


GENERALIZATIONS 


The arguments of the preceding sections can readily be 
generalized to the cases in which, (i) f(#) is also a function 
of the independent variables x, y, etc., (ii) f(f) involves 
operations on ¢ such as integration or differentiation, 
(iii) f() is a non-linear function of ¢. 

Firstly suppose that f(#) is linear in ¢ but depends on the 
variable x. Thus 


f($; x) = a(x) + bd (32) 
so that, in matrix notation, equation (13) must be replaced by 
S(p) =a + Be (33) 


where the components of a are no longer constant but are 
ee by a; = a(jh) and where B is a diagonal matrix with 
= b(jh). 
aeecondty: suppose, for example, that f(¢) includes a 
differentiation of ¢. Then, by using finite difference approxi- 
mations, we can replace 


S(P) = alx) + b(X)h + e(x)\(dd/dx) (34) 
by S($)) = aljh) + bUih)d. + ciAN($) 44 — b)/h — (B5) 


which can also be written in the form of equation (33), 
provided the matrix B is defined by 


bi = b(jh) — cCjh)/h, by. = eCjh)/h 


and b,=Oifk + jor #j+1. 
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In such cases B will not be diagonal. Definite or indefinitiy) 
integrals of d(x) and other combinations of linear operation 
can obviously be included by the same device. 
The analysis now proceeds as before except that equation 
(33) is used in place of equation (13). It then follows that) 
for stability and convergence, the eigenvalues 1, of they 
matrix I + BL~! must have positive real parts. Since B i 
a matrix the jz, cannot be expressed by the simple formula (19) 
First-order perturbation theory, however, enables us tc 


conclude that | 
(36% 


(379 


br = 1+ BS biWpiW yj A, Ds, w2, 
ij i 


where w,,; is the ith component of the rth eigenvector of L 
From this result the approximate criterion 


b = pe big WyiWyjl Le wij Saas A, 
1 U 


may be derived. This is the same condition as (20) and (25) 
except that the parameter b has been replaced by 5b, a 
average over the elements b,, weighted by the lowest eigen 
function of L. (This eigenfunction would, in most cases, b 
known at least roughly.) 

Finally, suppose that f(#) is a non-linear function of ¢. 
To establish stability or convergence it is sufficient to con 
sider the behaviour of small deviations from the true spingel 
~s. On defining the deviations by 


€= p — @s and v =u —f(Ps) 


the basic network equation (5) becomes 


(38) 


(39) 


By Taylor’s theorem the auxiliary conditions (3) may be 
written 


le=—v. 


ui = f(bsi) + 47 eS tae + O(e?). (40; 
Since the deviations can be taken arbitrarily small the cor- 
rection term O(e?) may be omitted safely so that we have the} 
auxiliary condition 

v = Be (413 


where bi; = ee by = 0 + J). (42) 
2 

The dynamic equation corresponding to equation (15) then! 

reads 


TL(de/dt) + (L + B)le=0 
whilst the iterative equation (23) becomes 
(aE BE as Oy eae (44) | 


These two results both lead to the previous conclusion | 
regarding the eigenvalues of the matrix 7+ BL~!. The} 
only new feature is that, in this case, the matrix B depends on | 
the correct solution ~, which, of course, is not generally | 
known beforehand. For practical applications of the | 
criterion, however, quite crude approximations to the solution | | 
should suffice for estimating the likelihood of instability or | 


non-convergence. : 
| 


(43) 


ING Deas 


CONCLUSIONS 


The foregoing analysis has shown that the methods of 
Karplus, Hutcheon and Liebmann (the last suitably modified) 
for obtaining analogue solutions to partial differential 
equations of the type (i) will be satisfactory, provided the 
gradient of the function f(#) is positive or, if negative, is not 
too large. More specifically, all these schemes will break 


VoL. 9, JuLy 1958 


down by reason of instability or non-convergence if 5 [which 
measures the gradient of f (f)] is more negative than —A,, A, 
being the lowest eigenvalue of the matrix L approximating 
the differential operator. 

Thus it will not be possible to solve the equation 

(07f/dx?) + (d7/dy2) = — k?h (33) 
when k is greater than w,, the “frequency of the lowest 
mode.” (The related fact that it is not possible to determine 
the higher normal modes and their frequencies by a direct 
iterative method was discovered experimentally by Liebmann 
but he noted it only in passing.“”) Below the lowest mode 
frequency the solution ¢ displays only a single maximum (or 
minimum). For k > w,, however, when the computational 
procedure fails, the solution has a number of maxima or 
minima (and \points of inflexion or saddle points) and so 
exhibits a “wave-like” character. On the other hand, if it 
is known from physical insight that the required solution of 
a particular equation is not of an oscillatory nature, then 
any of the computing schemes will probably be satisfactory. 
The applications described in Refs. (1), (2) and (4) have 
been to the ‘“‘space-charge”’ equation in which f (¢) = e717, 
In this case the gradient of f(¢) is always positive, and so 
(except possibly in the case of Liebmann’s method) there is 
no danger of instability or non-convergence. 

It should be noted that similar stability and convergence 
questions arise in many branches of analogue computing, 
particularly in connexion with simultaneous equation solvers 
where they have been considered by Murray‘” and others. 
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The performance of infra-red photoconductive cells 
By D. H. Roperts, B.Sc., and B. L. H. Witson, M.A., The Plessey Co. Ltd., Caswell, Towcester, Northants 
[Paper first received 22 November, 1957, and in final form 18 February, 1958] 


Expressions are derived for the responsivity and signal/noise ratio of photoconductive detectors 
under various conditions of noise limitation. These are used to show the basis for McAlister’s 
relation, E.N.I./7 ~ K, and also the reasons for its failure to apply in the case of lead selenide 


cells. 


Experimental data obtained on lead selenide cells are presented, and a simple model for 


the flicker noise is shown to be consistent with the experimental observations. 


LIST OF SYMBOLS 


(Additional symbols required in the Appendices are defined 
therein.) 


a = absorption coefficient for radiation 
b = ratio of electron to hole mobility = ,/, 
f = recombination coefficient for hole-electron pairs 
-C,, C, = constants describing fluctuations in shot, photon 
noise, usually approximately equal to unity 
. y = generation coefficient for hole-electron pairs 
D = diffusion constant of electrons 
6 = phase shift in photoconductive 
tan—! wr 
e = electronic charge 
Ae = energy gap between valence and conduction band 
E, E.’ = constants describing flicker noise 
E.N.J. = equivalent noise input 
f = frequency, modulation frequency 
Af = (amplifier) band width 
FN (subscript) = flicker noise 
F = ratio of noise power to Johnson noise 
h = Planck’s constant 
H = energy dissipation per unit area 
i = mean square noise current 
be VOL, 9; JULY 1958 
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I = dc. bias current 
Jy = current corresponding to incident radiation flux 


0 
JN (subscript) = Johnson noise 
k = Boltzmann’s constant 
A = wavelength 
Amax = Wavelength of maximum response 
cut off = long wavelength limit of sensitivity 
Meg = effective mass of the electron 
Ln» bp = electron, hole mobility 
n = electron density 
nm = equilibrium electron density 
An = n-ii 
N,. = effective density of states in conduction band 
v = frequency of radiation 
w = angular frequency = 27f 
p = hole density 
p = equilibrium hole density 
AD = p=p 
PN (subscript) = photon noise 
OQ = quantum flux density 
O = mean quantum flux density 
Qo = mean quantum flux density at surface Z = 0 
SN (subscript) = shot noise 
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S (subscript) = signal 


S/N = voltage ratio of signal to noise 
i= time 
tT = decay constant of excess carriers 
7 = transit time of a carrier between electrodes 
u — index of the power describing the dependence of 
____ ify On bias current 
Vx, = mean square noise voltage 


V,. = bias voltage 

r.m.s. noise voltage 

V./sin wt 

V, = signal voltage 

= r.m.s. noise voltage due to shot noise, etc. 

= index of the power describing the dependence of 
i? on frequency 

co-ordinate in direction of applied field 

length of specimen in direction of applied field, 
inter electrode distance 

conductance of specimen = 1/R, 

conductance of specimen at equilibrium 
co-ordinate at right angles to field and photon flux 
breadth of specimen 

admittance 

co-ordinate in direction of photon flux 

thickness of specimen 

impedance 


RNN Gee Me MH 


1. INTRODUCTION 


As it appears likely that photoconductive cells of such 
materials as lead sulphide, lead selenide, lead telluride and 
indium antimonide will come into increasingly wide use as 
infra-red detectors, it is considered worthwhile to draw 
attention to the conditions desirable in the design and appli- 
cation of such detectors. The bias and measuring circuits 
required are discussed, and the noise sources and signal level 
in photocells are related to the basic material parameters 
(carrier density, mobility, lifetime, effective mass, etc.). The 
effects on performance of such factors as cell area, chopping 
frequency, operating temperature and ambient illumination 
are pointed out. 


2. PHOTOCONDUCTIVE RESPONSE 


2.1 Introduction. Yn a semiconductor the electrical con- 
ductivity is due to the free charge carriers—i.e. electrons in 
the conduction band and holes in the full band. It is neces- 
sary to supply energy equal to or greater than Ae to such a 
system to produce an additional free electron-hole pair. This 
energy can be supplied in many ways—thermal energy via 
the lattice, bombardment with high energy particles or the 
absorption of electromagnetic radiation. Only the latter 
will be considered here. 

The absorption of a quantum of radiation of energy equal 
to or greater than Ae produces a free electron-hole pair, and 
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hence a Bhanees in the conductivity of the specimen. The lon 
wavelength limit of photoconductivity is determined by 


hv = Le 
Whence recut of = he/Ae (1) 


Typical values for commercial photocells are given in th 
table. 


2.2 Theory. Consider a uniform slab of photoconductor 
as shown in Fig. 1, uniformly illuminated in the z-direction. | 


direction 
of 
illumination 
Fig. 1 . Slab of photoconductor 
The differential equation describing the rate of cna of th 


carrier density is 
dnjdt = «Q — BG + An)(p + Ap) + y(7p) + DQn/dz) (2) 


Three assumptions will be made to simplify the solution 
of this equation: 


(i) surface recombination is negligible. (This will be 
discussed later); 
(ii) the signal is linear with respect to An and Ap, ice. 
n, Ap < ior p; 
(iii) An = Ap. This is necessary to preserve charge 
neutrality. 


If one considers the case where Q = 0 everywhere at all 


times, 
y=B 


The first two assumptions allow the diffusion term, D(dn/dz) 
to be ignored providing one later integrates to obtain the 
integral of An over the complete specimen. (Amongst others, 
Kurnick and Zitter“ give a treatment which takes account | 
of surface recombination—and hence of diffusion.) 


So dnjdt = «Q — B(A + p)An 


ignoring second-order terms in An. 
If we now let Q = 0 for t > 0, the excess carriers decay | 
according to 


(3) | 


q 


An(t) = Ang exp [—B(@ + p)]t (4) 


1/6(% + p) is known as the lifetime 7, and is a characteristic 


Si Ge PbS PhSe InSb 
Ag(eV) 1-1 0-72 0:37 0:25 0-17 
T (s) SEDAN eee Ss TO eg ~10-° 2510.08 
Xmax () 0:8 1:7 2:5 2:8 7-0 
Nout off (EL) 1-1 2:1 ~3:5 ~4:5 ~8-0 
A (intrinsic at 300° K)(cm~3) 1:3 x 10!° 2:-10!3 3.x 10! ~4 x 1016 2°* 10! 
E.N.L. at Xmax (W)* ~10-1! ~10~1° 10-2 


* Normalized for an area of 2 mm2, 
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-of the sample such that at time t = 7 the number of excess 
carriers has decayed to 1/e of its original value, that is 


| An(t) = Ang exp (—t/7) (5) 


| A similar expression holds for recombination via centres 
at which the recombining carrier is held for a negligible time. 
Cases in which more than one characteristic time occur are 
found in larger energy gap materials?) (e.g. cadmium 
sulphide). These will not be considered here as they occur 
chiefly in detectors of visible rather than infra-red radiation. 
\(Scanlon®) has, however, observed two time constants in 
lead telluride.) 

’ If we now return to equation (3) and consider the steady 
state solution, © 


' dn/dt = 0 
then ; An = «Qtr (6) 
or nz) = A(z) + aQ(z)t (7) 


If the incident radiation is modulated sinusoidally at 
frequency f = w/27 so that 


Q = QU + sin w?) 
then the solution of equation (3) is 


aO(z)T 
(1 ue w?7?) 1/2 


n(z) = “(z) 4 sin (wt + 6) + «Q(z)r_ (8) 


‘where tan 6 = wr. 
: Now, the conductance X of a film of length X, width Y and 
| thickness Z is 


Y Vi, 
ie a o(z)dz 


=X + AX sin (wt + 8) 
‘where in the small signal case, 
X = (Y/X)eZ(iipin +-Pptp) (9) 
since the conductivity o = fey, + peu, 
Z 
and AX = (¥/X)e(uuy + j4,) 4a ae xO(z)\dz (10) 
Initially we shall consider the case where w7 < | that is 


where ; 
6 > 0 and 1 + w2r? > 1 


By Lambert’s law we know that 
O(z) = Qo exp (— az) (11) 
This ignores reflexion losses and interference effects. The 
former will reduce Qy by a constant factor, given by Fresnel’s 
reflexion coefficient. Interference effects can be ignored at 
this stage. 
Therefore, 
AX = (¥/X)e(un + Mp) Qo7[1 — exp(—aZ)] (12) 
It is shown in Appendix IT that the signal voltage is given by 
Ve = VAXIX (13) 
1 — exp (=2Z) pin + tp ay 
4 Aipn + Pip 


sin wt 


= V.Oo T 


One can now consider two cases of intrinsic or extrinsic 
conduction: 


I 
(a) Intrinsic case ni = p Bi = ne 
ily + Pip 
pee Ps eS Hn a5 Lp Thi) 
b) Ext c case n(orp)=90 = ~ = 
(b) Extrinsic « (or p) penn 3 
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Only the intrinsic case will be dealt with at this stage. 
The importance of b in the extrinsic case will be discussed in a 
later section. In the intrinsic case, 


y- en) — exp (—aZ) | ane 
n he | 


Ss 


(15) 


It can be seen from equation (15) that the responsivity, 
defined as signal volts per watt incident power, is independent 
of carrier mobility, and is directly proportional to 7/7. This 
result will be discussed later. 

On re-inserting the (1 + w*7?)~'/* term to assess per- 
formance at high frequencies, it is apparent that unless one 


- requires a fast time constant (i.e. small 7) in order to study 


transient phenomena and avoid high frequency distortion of 
the incident waveform, it is always the detector with the 
longest time constant which gives the highest responsivity at 
any modulation frequency (other things being equal). 


3. NOISE 


There are four types of noise generally occurring in any 
photoconductive element. More detailed information and a 
fuller bibliography are given in papers by Burgess©) and 
Wilson. 


3.1 Johnson noise. The voltage fluctuations across any 
two terminal impedance & in thermal equilibrium at absolute 
temperature T may be deduced from purely thermodynamic 
considerations. The Fourier components are given by 
Nyquist’s theorem: 


Viy = 42(Z)hf [exp (Af[kT) — 1] "AF (16) 
Except at very high frequencies and reduced temperatures 
this reduces to the well-known expression 


Vi ARTALZ AS (17) 


The corresponding. parallel current fluctuations across an 
admittance Y are 


ey = 4kTR(Q)AL (18) 


These fluctuations can be related to particular models of 
conduction. In a uniform conductor they are usually related 
to the velocity fluctuations of the charge carriers. (This is 
by no means always true for non-uniform conductors. For 
example, the noise in a semiconductor diode without applied 
bias is related to the numbers of carriers crossing the junction 
rather than their velocity.) The same fluctuations are found 
even under bias if, as is usual, the velocity distribution is 
substantially unchanged by the drift velocity produced by the 
applied field. 


3.2 Shot noise. As the excitation and recombination pro- 
cesses governing the number of free charge carriers are 
randomly occurring discrete events, there will be an excess 
noise in a semiconductor carrying current. 

In the case of an n-type semiconductor with a single lifetime, 


Anri=-C n= Ap) (19) 


where 7 = mean number of electrons present and (An), (Ap)? 
are the variances in the numbers of electrons and holes. Ina 
complete treatment, Burgess‘” ®) derives a value for C, which, 
in the intrinsic case, reduces to a half. 

The frequency dependence of the shot noise has also been 
considered by Burgess©? for the important case of carriers in 
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a uniform rod of semiconductor under bias, when the carriers 
decay with time constant 7 and the transit time is 7’. 


The shot noise current is given by 
Ry = 2CyeIW(wr, wr Af (20) 


where W is a rather complicated expression given by 
Bes: (5) Important special cases are: 


; Dy 1 
SS eae ole? 
this is the case obtained in practice. 


(ii) wr eh W = ae om 
i 


wr <1 


exp ( 1) | 
(iii) 7 > 7’ W = 201 — cos w7’)/w?7 
In the last case, W->laswt’->0. This is analagous 
to the shot noise in a temperature-limited vacuum diode, for 
which 
ey eel Ny. 
when the frequency is much less than the reciprocal of the 


transit time. 
Inserting the result of case (i) above into equation (20) 


By = 4Cyel{r/[7' + w?7) RAS (21) 


Equation (21) indicates that shot noise has a white spectrum. 


except at high frequencies. Here w?7? becomes greater than 
unity and the noise current varies inversely with frequency. 


3.3 Photon noise. The radiation incident on a photo- 
_ conductive element consists of a fluctuating number of quanta. 
If O is the mean number of quanta arriving per second, the 
mean square fluctuation is given by 


(AO? = C,0 (22) 


The: coefficient C, is determined by the statistics of the 
radiation stream, being greater when the source is hotter, 
so that more multiple quanta are emitted. It is, in practice, 
near unity. The photon noise in a uniform photoconductor 
produced by the fluctuations in the incident radiation stream is 


(i)? =2C el, Ae (23) 


where Jy is the d.c. photocurrent corresponding to signal Qo. 
Additional shot noise is generated in the recombination 
process.°) The photon noise in the signal radiation is the 
ultimate limit to the sensitivity of a radiation detector. 
Photon noise is also generated owing to ambient radiation. 
The increase in sensitivity in cooled lead telluride cells and 
lead sulphide cells on cooling their surroundings, has been 
adduced as evidence that the photon noise limit is being 
reached in this type of detector when operated at reduced 
temperatures.) 


3.4 Flicker noise. It is found that over and above the types 
of noise previously mentioned there exists a noise current 
dependent on the frequency and the bias current J. This 
noise may be denoted by 


ity = Elf "Af (24) 
where uw is of the order of 2, and w is equal to or just over 
unity. £’ is a constant for the cell dependent on the material, 


- the cell dimensions, the state of the surface“!) and the 
contacts.(!2) 
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If we suppose that satisfactory (i.e. not noisy) contacts ar 
made to the material and _X¥, Y > Z, as is usual, dimensiona 
arguments show, if uv = 2, 


ES EXY,) EA EX,Y) 


This may be proved most simply by considering the com 
bination of two cells in series or parallel. 

The Z-dependence is more complicated. If the noise i 
generated by centres distributed throughout the volume an 
if volume recombination is dominant, similar arguments givi 


E.ce Zi 


However a surface distribution of noise centres would! 
tend to make E decrease more rapidly with Z (than Z—') anda 
surface distribution of recombination centres less rapidly. 


4. SIGNAL/NOISE RATIO, S/N 


4.1 Johnson noise limited. 
V. Oot 1 — exp (—aZ) 
/2 it Zz 
Vi, =~/2.V, sin wt 
r.m.s. noise voltage Vjy = (4k TA f/X)!/2 


VX'2 Oot 1 — exp (—aZ) 
(8kTA f)!/2 7 Z, 


R.m.s. signal voltage, 


Vo 


where 


(25)| 


(SIN)w = (26) | 
Obviously, the signal-to-noise ratio increases with the 
applied voltage. The limitation is set by the dissipation of 
heat by the detector. 
Suppose the detector can dissipate a maximum of 
H/2 (W/cm?) 
( Veewiay) aX = HXY 


H!P(XY)!2 Oor 1 — exp (—aZ) 
(SkTAf)I2 7A i 


(21) 


(S/N) jn = 


(28) 


4.2 Shot noise limited. From equation (21), 
Von = (4C,eVX— 771A fy '2 


(VX)! Oor 1 — exp (—aZ) sry 112 
BCeAN'2 i ze) 


Now, 7’ the transit time is given by 


(29) 


(S/N) sn = 


= X?/(u,V,) for voltage applied in the x-direction (31) | 


Therefore 
X1U2xK Qor!!? 1 — exp (—aZ 
SiN) en = 0 p (—aZ) 
PDN TE CC ea eae Z 
— (XY¥)'P Qor!!? 1 — exp (—aZ) 
(8C,enA f)'/2 Zi\2 


(32) | 


(33) | 


4.3 Photon noise limited. From equation (23), 


noise voltage, Vpy = (2eC,V,X—!A f)1/2 


Therefore ! 
Vil2x1/2 0 ih ex (—aZ) 1/2 
SIN) py = 9 BANS 
Se eee, i Z | a 
_1/Hp,\'*| YOor 1 — exp (—aZ) nee 
5( jie ) Lees FRC ATS | G5) 
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4.4 Flicker noise limited. We shall assume u = 2, w= 1 


nitially 
T eiey. | /-Afy'? 
Vin = eel ff ) 
Nh 
Rain _ XY)" Dor (_f_\'? 1 —exp(—4Z) (4, 
FN A/ 2) on xy Z os 


The general expression for the signal-to-noise ratio will be 
of the form 


(S/N) pn oc Ve"? 


_ The variation in the signal-to-noise ratio with voltage for 
1 combination of Johnson and flicker noise is sketched in 
ig. 2 for the threelcasesa <a 24) and i>). nical 
hree cases the\initial rise occurs in the region where Johnson 
10ise is still predominant. 


u>2 


u=2 


(Sin) FN 


Ve 


Fig. 2. Variation in signal-to-noise ratio with voltage 
: for a combination of Johnson and flicker noise 


Measurements carried out by the authors on photo- 
conductive films of lead selenide indicate that for that parti- 
cular detector, 2 < u < 2-3 so that there is an optimum bias 
condition. The case u = 2 is the one already dealt with in 
equation (36). 

The case of u < 2 is the rarest and, when encountered, the 
solution is as for the case of Johnson noise limited, in so far 
as the limitation is set by dissipation of heat owing to Joule 
heating. 


4.5 Responsivity and equivalent noise input. Responsivity 
is the term given to the output signal (usually in volts) of a 
detector per watt incident radiant power (usually mono- 
chromatic at the wavelength of peak response). 

The equivalent noise input (E.N./.) is defined as the mini- 
mum energy flux density required to give a (S/N) ratio of 1, 
when measured in a I c/s bandwidth. 

Example. If a detector has a (S/N) ratio of 100: 1 inan 
energy flux density of 7-2 x 10~° W/cm? (r.m.s.) measured 
with an amplifier bandwidth of 50 c/s. 
erthen: E.N.f. 

T*2: x7107° 
100 1/50 


= 107-8 W/cm? 


5. EFFECT OF CELL AREA ON E.N.I. 
Equations (28), (33) and (36) contain the terms 


(S/N) x (XY)!/?Qo (37) 


Now if Qo is constant, i.e. the detector is placed in a uniform 
field of radiation, 
(S/N) oc (area)!/? 
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On the other hand, if Q*, the total number of photons, 
= Qo X area = constant 


(S/N) oc (XY)'?Q*/(XY) 


oc (area)—!/2 (39) 


In the case of photon noise limited detectors, equation (35) 
shows that (S/N) is proportional to the square root of the 
width and independent of the length. 


6. EFFECT OF FILM THICKNESS 


The responsivity is shown in equation (14), where surface 
recombination is neglected, to have a Z-dependence given by 


[1 — exp (—aZ)|/Z 


under these conditions the responsivity tends to a limit when 
aZ <1. In other words at the absorption edge the photo- 
conductive responsive is independent of film thickness and 
the spectral response follows the absorption curve. If Z is 
sufficiently small, this condition applies for all values of «, 
i.e. all wavelengths. In thin films of lead selenide it has been 
postulated“'3) that the reason for the departure from this 
dependence is the presence of potential barriers in certain 
types of film which inhibit the long wavelength photo- 
conductive response. 

The signal-to-noise ratio shows the same Z-dependence for 
Johnson noise limited cells. 

The shot noise limited case gives 


(S/N) sw x [lL — exp (—a«Z)]/Z1/? 


and the signal-to-noise ratio shows a maximum when 
Z = 1-25/«.. Equation (35) shows that. the photon noise 
limited case gives (S/N)py o {[1 — exp (—aZ)]/Z1241? 
which is a maximum when Z = 1-25/a as in the previous 
case. 

The only simple case for the flicker noise limited detector 
is when flicker noise generation and carrier recombination 
occur in the volume. The Z-dependence of the signal-to- 
noise ratio is then the same as for the shot noise limited 
detector. This result may be obtained from equation (36) 
by putting E oc Z—! as discussed in Section 3.4. The matter 
is discussed in Appendix IV. It is possible that thin films 
will exhibit interference effects, but none have been observed 
by the authors even in lead selenide films only 0-3 px thick. 


7. EFFECT OF SURFACE RECOMBINATION 


The effect of surface recombination on the photoconductive 
spectral response has been considered by Moss !4) and 
De Vore“) who point out that it is usual to find a peak in 
the photoconductive response in the neighbourhood of the 
absorption edge. De Vore shows that this is due to surface 
recombination. The response is reduced at short wavelengths 
where the carriers are produced in the surface, but at the 
edge, where « is low, carriers are produced in the body of 
the material away from the high recombination surface. It 
is found experimentally: that then films show a broad maxi- 
mum, whereas thick samples show a sharper peak and a 
greater reduction in the short wavelength response. This is 
in agreement with De Vore’s theory. Earlier ideas ascribed 
this effect to high recombination in the surface due to the 
high density of photocarriers, when the incident radiation is 
of wavelength less than the cut-off wavelength. 
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8. IMPORTANCE OF EFFECTIVE MASS AND 
MOBILITY RATIO 


It can be shown® that the density of excess carriers in the 
conduction band is given by 
fi = N, exp (—Aé/kT) (40) 
where the effective density of states in the conduction band 
N., is given by 


N= 2Q2tMeg KT /[h?)3? (41) 
where mg is the effective mass of the charge carrier. In 
other words 

AL (Meg)?!? (42) 


For all the cases considered, the signal/noise ratio is an 
inverse function of 7. Therefore for a high value of (S/N) a 
low effective mass is advantageous. This is particularly 
important in the case of an intermetallic semiconductor such 
as indium antimonide, where the effective masses of electrons 
and holes are respectively 0-03 and 0-2 times the free electron 
mass. 

In Section 2.2 the distinction was drawn between the 
intrinsic and extrinsic photoconductor, and only the intrinsic 
case was considered in detail. It is worth noting that for 
p-type extrinsic material, the solution in the case of Johnson 
noise limited operation, for example, is 


H3I2(XY)!? Oor(1 +6) 1 — exp(—a«Z) 
(8KTA f) U2 p Zi 


so that there is every advantage to be gained by having a 
high value of b. Once again, indium antimonide (6 ~ 30) 
is a good example, and this material is most efficient as a 
photoconductor when slightly p-type material is used.“” In 
the case of impurity photoconduction (in silicon and ger- 
manium), there is an advantage in using donor levels rather 
than acceptors, for the same reason. 

There are theoretical reasons“'®) for expecting , 0 mgy?!? 
when only lattice scattering is taken into account. Thus 
materials such as indium antimonide, where the ratio of 
electron to hole effective mass is small, have the additional 
advantage of a high ratio of mobilities b. 


(43) 


(S/N) an = 


9. EFFECT OF AMBIENT TEMPERATURE AND 
ILLUMINATION 


(i) In the case of a Johnson noise limited detector the noise 
voltage, V;y, is proportional to the square root of the 
temperature. 


(ii) Increasing temperature and background illumination 
both lead to an increase in 7 and hence a reduction in 
sensitivity. 


(iii) The carrier lifetime 7 is usually reduced by background 
illumination, and the effect of temperature depends on the 
recombination process: 


(a) for photon-radiative recombination + increases as T 
decreases ; 


(6) when recombination occurs via centres of the Shockley- 
Read type“ the variation of + with T depends on the 
position of the centres relative to the Fermi level, and 
the subsequent movement of the Fermi level with tem- 
perature. In practice 7 can either increase or decrease 
with increasing 7. 


(iv) A further effect of temperature is on the energy gap 
Ae. In the case of the lead sulphide group, Ae decreases as 
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T decreases,“!® so that at reduced temperatures these detector: 
are sensitive to longer wavelengths than at room temperatures 
On the other hand, Ae increases as T decreases in the case o 
germanium, silicon and indium antimonide, so that if on 
gains sensitivity by cooling it is at the expense of the spectra 
response. 


10. OPTIMUM CHOPPING FREQUENCY 


For many applications of photoconductive cells there will 
some freedom in the choice of modulation frequency. 
As implied by equations (10) and (24), the signal-to-noise! 
ratio for cells dominated by flicker noise is such that 


WF 1/2 
(S/N) enw © oe és re 


putting W = | in equation (24). 


The ratio rises initially as f'/* reaches a maximum when 
2nfr = 1, and finally falls as f—#/?. 


For Johnson noise limited detectors, 
(S/N) yn OG el +. 4ar2f 272) 12 


that is, the ratio remains substantially constant until 27ft = 1, | 
and then finally falls as f~!; (f~'/? in the case of a photon 
noise limited detector). The shot noise limited case gives 
signal-to-noise ratio independent of frequency. 

The common chopping frequency of 800 c/s is suitable for 
lead sulphide, but for other flicker noise limited detectors a 


higher signal-to-noise ratio may be obtained at higher fre- | 


quencies. It is no longer easy to chop with a simple toothed 
wheel and more refined techniques are required. 

It must be stressed that spectroscopists who replace a 
thermal detector by a photoconductive cell will usually gain 
considerably by changing their frequency from 5-20 c/s to 
1 kc/s or more. In addition, the amplifier design is simpler 
in this frequency range. 


11. THE MCALISTER RELATION 


In a paper on the detectivity of lead sulphide cells, Dr. R. 
Clark Jones?® reports experimental results obtained by | 
Dr. E. D. McAlister of the Eastman Kodak Co. 

Dr. McAlister plotted E.N.I. versus + for about eighty | 
different lead sulphide cells, manufactured by various groups | 
in America and Great Britain, and found the empirical | 
relationship 

EONS ras 


cells. 


This result was obtained with cells, the response times of | 


which varied from 3 to 3000 us. Presumably the values of 


E.N.I. also covered three decades, so that not all the cells | 


were of the most sensitive type. For this type of detector, 
flicker noise predominates, and so inspection of equation (36) | 
should indicate to what extent McAlister’s relation is to be | 
expected theoretically: 


of p2QoT( f \'21 — exp (—«Z) 
(SIN)ny = (XY) ( x 4) : 


Because these measurements were presumably made under 
identical conditions, and the value of E.N.I. would be 
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to apply within a factor of three for nearly all of the eighty | 
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normalized to a standard detector area, this equation can be 
simplified to 
7 1 —exp(—aZ) 


N 
whence it is quite apparent that, all other things being equal, 
E.N.L/7 ~ K 


Three other factors, 7, E and Z are, however, variables, 
and McAlister’s relation would appear to be somewhat 
fortuitous. For comparison, results of measurements carried 
out on lead selenide cells are given in Appendix I. These do 
not conform to McAlister’s relation, and part of the reason 
for this is shown in the scatter of the value of E for these 
detectors. For this batch of detectors, the thickness Z is 
constant within a factor of 2. 


12. CONCLUSIONS 


_ The importance of the results obtained above may best be 
summarized by suggesting a few ‘“‘golden rules’? which should 
govern the choice of the most suitable detector fora particular 
application. 

(i) Size. Whenever an optical condensing system can be 
used, so that the total number of available quanta is constant, 
the detector should be as small as possible. If, on the other 
hand, focusing is impossible and the detector is to be placed 
in a uniform radiation field, it should be as large as possible. 
The above remarks do not apply to photon noise limited 
detectors, as was indicated in Section 5. 

(ii) Response time. The highest value of (S/N) will always 
be obtained with the slowest detector“ (other things being 
equal). Only if a high frequency response is required to 
avoid distortion of a pulse waveform is this not so (e.g. in 
the study of transient phenomena). Even in this case, how- 
ever, it is sometimes better to use the slowest detector in 
conjunction with a compensated amplifier, so that the 
responsivity of the whole is flat to the required high frequency. 

(iii) Chopping frequency. In the case of a flicker noise 


limited detector it is obviously profitable to, modulate the . 


signal at the highest possible frequency, providing 27/7 < 1. 
In the case of other detectors the more important considera- 
tion is of a simplicity of amplifier design. It is generally 
found that a frequency of 800 c/s is quite satisfactory. 

(iv) Choice of photoconductive material. The important 
fact here is that it is detrimental to use a detector which is 
sensitive to wavelengths longer than the region in which 
sensitivity is actually required. This is because the reduction 
of Ae (see Section 2.1) results in an increase in 7 and decrease 
in T, as can be seen from the results given in the table. 

Furthermore, in the case of a cooled, photon noise limited 
detector, the noise will be greater in the long wavelength 
detector, as a larger band of thermal radiation will be capable 
of producing electron hole pairs.@!> 27, 29) 

(v) Responsivity or E.N.I. When working at low signal 
levels with a low noise amplifier, where detector noise 
dominates, the criterion applied to a detector should be the 
value of its E.N.J. However, if amplifier noise dominates, 
the detector with the highest responsivity should be used. 
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APPENDIX I 


Test of McAlister’s relationship for lead selenide DO 
conductive cells 


The following data was obtained from measurements per- 
formed by Mr. T. C. Denton on lead selenide photocells 
prepared by Mr. P. E. Cotterrell at this laboratory. All 
measurements were carried out at 800 c/s with an amplifier 
bandwidth of 50 c/s. The signal source was a black body at 
200°C. The values of S/N ratio were obtained at the 
optimum bias condition (see Section 4.4) and the noise 
voltages were measured at constant current (J = 40 wA). 
The response time was found by direct observation of the 
photoconductive decay on illumination with radiation from a 
spark gap, the duration of the spark being about 0-4 ps. 

In Fig. 3 the values of signal-to-noise ratio and response 
time are plotted for fifty-two lead selenide cells. The line 
indicates the curve one would expect from McdAlister’s 
relation. These results are given for a constant cell area of 
15 mm? and a constant level of illumination. 

Fig. 4 is a plot of noise voltage (at constant current) versus 
resistance for the same batch of lead selenide cells. 

From equation (24) 


Ven = (E'T*f—VAS)'PR, (46) 
BRITISH JOURNAL OF APPLIED PHYSICS 


D. H. Roberts and B. L. H. Wilson 


whence a plot of Vp, versus R, should yield a straight line of 
slope (E’Il“f YA f)!/2.. Any deviations from this result can 
only be due to variation of E’, u or w. It has been found that 
w = | substantially, wu = 2 — 2-3, so that the large deviations 
from the expected straight line are due to variations in E’. 
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Fig. 3. Values of signal-to-noise ratio and response 


time plotted with fifty-two lead selenide cells 
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Fig. 4. Relation between noise voltage (at constant 
current) and resistance for the same batch of lead 
selenide cells as used for Fig. 3 


APPENDIX II 
Bias conditions for photoconductive cells 


Suppose that a photoconductive cell of dark resistance R. 
is put in series with a load R; and battery Vj. Under dark 
conditions the current / flowing is given by 


T= Voi(R, + Ry) (47) 


Suppose the effect of the incident radiation is to produce a 
small change in resistance AR,, then the change in current 
through the load AJ = V,AR,/(R, + R,)?. In terms of the 
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d.c. voltage V, across the cell, the signal voltage V. acros 
the load is given by 

as aT, V.RpAR|RARL tt R.) 
It will be seen that the cell acts as a voltage generator of 


value V.AR./R. or a current generator V.AR.|R2. Fol? 
maximum voltage output Rp; > R,. 


Vi Se VNRal Re 
= V,AX/X 


when 
(491 


APPENDIX III 


Dependence of the signal-to-noise ratio of flicker noise limitec 
detectors on thickness and minority carrier lifetime 


While the authors have no wish to join the ranks of those 
who have been able to explain the inverse frequency depen-} 
dence of flicker noise, it seems worthwhile to deduce a fe 
results on the dependence of noise on other parameters using 
a simple model. The charge flowing through the external 
circuit due to the generation of one minority carrier is given by/ 


q = euVr/X? 


If the flow of minority carriers is controlled by a number 
of centres, the noise current may be written 


Py(f) = Nab AAS (51)| 


The function %(f) is determined by some activation process 
or diffusive motion of the centres, which we suppose takes 
place slowly compared with the minority carrier lifetime. 
Equation (51) should be compared with the equation (20) 
for shot noise, which may be rewritten 


Ry(f) = 2C,NePW PALIT’ (52) 


where N’ is the number of electrons flowing in a long time 
interval T’. 
If we use equation (50) in (51), and put 


V = IX|(YZnep) 
By = Nb f\U27?/X2¥2Z2)A f 


5 


‘ 


i 


(53) 
we have (54) 
In terms of the noise voltage | 

Vew = (NY) (V.|X¥Z)AS (55) | 


The number of centres may be characterized either by a | 
surface concentration N,= N/XY or a volume concen- | 
tration N, = N/(XYZ). In terms of N, or N, equation (55) 
becomes 


(56) 
(57) 


This dependence upon 7 probably explains the failure to 
observe flicker noise in an indium antimonide filament,( 
the value of 7 being less than 10-7s compared with values 
of the order of 10-4 or 10-3 for silicon and germanium 
respectively (see the table). 

The corresponding signal-to-noise ratios are given by 

O XY. 112 
ange (xp) [I —exp(—«Z)] (58) 


Oo ae E a | (59) 


Vins Sry (N3b/XY)'P(Vit/Z) Af 
or Venv = (Nyb/XYZ)'2V Af 


(S/N) ens = 


or (S/N) pyv = 


nN} phl2 Af Zi1/2 
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As the diffusion length is, in practice, greater than the 


thickness, it is justifiable to cancel out the r-dependence 
of the signal and noise voltages. The resultant indepen- 
dence of lifetime is consistent with the use of low lifetime 
materials (lead selenide and lead telluride) in flicker noise 
limited detectors, and with the experimental evidence of 
Appendix IJ. 


The Z-dependence of the signal-to-noise ratio is the same 
for a volume distribution of noise centres as for the shot 
noise limited detector. This result was obtained on general 
grounds in Section 6 for the case where 7 is determined by 
volume recombination. For a surface distribution of noise 
centres the signal-to-noise ratio increases asymptoticaily to a 
maximum for large Z. 


NOTES AND NEWS 


A note on the calculation of second moments of nuclear 
magnetic resonance absorption lines 


We report a convenient method for calculating the second 
moments of broad nuclear magnetic resonance absorption 
lines. The calculation of second moments is very tedious 
and there may be large numbers of such calculations to be 
made. In view of the importance of second moment values 
in the interpretation of the results of nuclear magnetic 
resonance experiments, * it is worth while finding a method of 
calculation which involves a minimum of work for a given 
accuracy and which can be performed by relatively unskilled 
assistants. It is likely that in many papers in this field second 
moment values are not given because of the tediousness of 
the calculations. 

If the nuclear magnetic resonance absorption at a field H 
is ee? the second moment, AH, is defined, as, 


see 


where Ho is the field at the centre of the absorption line. 
The limits of integration extend sufficiently far from Hp to 
include the absorption due to the nucleus concerned. 

However, these weak broad lines are usually observed as a 
plot of ¢’(H) = dé(H)/dH as a function of H. Calculation 
of AH% using equation (1) would therefore involve two 
numerical double integrations. A better method is to use 
the equivalent form, 


(HH — HoPdH|| (HH (I) 


ine line 


AH} =3/ CDH — HoydH || CMH — Hod (2) 


for which two single integrations must be performed. Never- 
theless, it is found that use of equation (2) is extremely 
tedious in practice, particularly if the line shape is complex. 
The chart of @’ versus H usually involves a certain amount of 
noise and possibly zero drift (Fig. 1) and the record may not 
be in rectangular Cartesian co-ordinates, so that in practice 
one reads off a series of values of C’ at various values of H at 
equal increments. The integrals in equation (2) can then be 
calculated using, say, the trapezoidal rule, but in any case a 
large number of individual operations have to be performed 
for which the accuracy hardly demands the use of a machine. 
_ We propose a graphical method which is appreciably more 
rapid and convenient and depends on the fact that equation (2) 
can be written 


Anz = 3) CUndH — Hoy']/| Copal — HP] @) 


2 VAN VLECK, J. H. Phys. Rey., 74, p. 1168 (1948). 
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C’(#) is read from the chart at convenient equal intervals of 
(H — Hp) independent of the actual width in gauss, so that 
numerical values of the independent variable can be chosen 
always to be about the same (in practice one arranges the 
“length” of the plot on the chart to be always much the same). 


Fig. 1. A typical derivative absorption line for which 
a second moment value is required. Proton resonance 
in methyl fluoroform at -— 150° C 


Similarly, the maximum ordinate ¢’(H) is always much the 
same and is determined by the chart width. We now plot 
((H) against (H — Ho)* but mark the abscissae by the 
values of (H — Hy). One then plots the curve of ¢(H) 
versus (5/3)(H — Ho)* which is very rapid since one merely 
moves the ordinates of the first curve already plotted to the 
new positions. The pairs of points are usually quite close. 
Moreover, the areas under the two curves (4, and A)) are 
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similar in magnitude and are therefore measured with a 
planimeter with comparable accuracy. The second moment 
is then A,/10A, apart from a scale factor which relates chart 
travel to field sweep. 

The method has the advantages that it is at least twice as 
fast as by a desk machine and it is easy to maintain a given 
accuracy. It is easy to judge the contribution of the “‘tails” 
of the absorption curves to the second moment, and this 
has a sobering effect on claims as to the accuracy of measure- 
ment of second moments. 

Since all the plots are relatively similar the method is well 
adapted to mass production. The writer uses a small number 
of basic sheets, one of which is shown in Fig. 2. The curves 
are plotted on a piece of transparent paper held on the basic 
sheet by Perspex laths with bevelled edges defining the 
co-ordinate axes. It is rather rare in broad line work to find 
that ¢’(H) has both positive and negative values in the half 
line, but this is easily accommodated. 

Fig. 1 shows a photograph of an actual recording. Fig. 2 
shows the curves (1) and (2) the areas under which are the 
A, and A, already referred to. 

It is also possible to make the calculations with comparable 
speed and accuracy on a National Accounting Machine 
class 3000 with six registers,* but only because two cal- 
culations can be run simultaneously. The writer will be 
glad to provide a “programme” for this machine to anyone 
who has access to one. 

The writer is grateful to Dr. J. C. E. Jennings of Birkbeck 


* Comrig, L. J. J. Roy. Stat. Soc. Suppl. II, (2), p. 103 
(1936). 
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Fig. 2. Plots for the same 
curve as in Fig. 1. Curve 1 
against (H — Hp)? and curve 2. | 
against $(H — H))*. Notice 
that the outer peak is much 
more important than the inner 
in contributing to the areas A; 
and A, under 1 and 2 and 
that A, and A), are similar in 
magnitude 


College (University of London) for assistance in the use of 
his machine. 


J. G. POWLES. 


Queen Mary College, | 
[10 January, 1958 
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SPECIAL ARTICLE 


Atmospheric pollution and the soiling of textile materials* 


By W. H. Regs, M.Sc., F.Inst.P., The British Cotton Industry Research Association, Shirley Institute, 
Didsbury, Manchester 


The article opens with a discussion of the factors which influence the soiling of textile materials 
by airborne dirt and of a method for measuring and expressing the extent of soiling of textile 


materials. 


An account is then given, with experimental data, of the soiling of textile fabrics 


by exposure to moving air, by thermal precipitation and by electrostatic attraction of air- 
borne particles, and of the effect of fabric wettability on the appearance of a cotton fabric 


soiled by exposure to a damp polluted atmosphere. 


Finally, the article introduces the ‘“‘murk” 


/unit of air dirtiness and deals briefly with the measurement of atmospheric murk values. 
Typical data for a residential district are given showing differences in the magnitude and diurnal 
\ variation of air dirtiness in summer and autumn. 


\ 
INTRODUCTION 


The soiling of textile materials is a familiar phenomenon, 
generally accepted as an unavoidable nuisance, which has 
been a source of domestic drudgery for centuries. Soiling 
of clothing is a matter of universal concern, for in addition 
to reducing the aesthetic appeal of garments, soiling may also 
reduce their functional effectiveness, and a garment which 
soils readily will not have the same user appeal as one which 
does not, even though its functional performance may be 
supreme. It is therefore highly desirable that textile materials 
mtended for clothing and furnishings should possess high 
resistance to soiling matter in daily use. 

There are two distinct processes by which soiling matter 
may be deposited on or within a textile material: first, by 
2xposure to air containing soiling matter in suspension, and 
second, by contact with a soiled surface or with a liquid 
lispersion or solution of soiling matter. This is a very wide 
jeld and the present article deals exclusively with the soiling 
of textile materials by airborne matter. 

The extent of soiling of a textile material on exposure to a 
solluted atmosphere is influenced by various factors which 
nay be external to the textile, e.g. the temperature, relative 
qumidity and rate of movement of the atmosphere, and the 
jature and size of dirt particles, or directly related to the 
extile itself, e.g. the construction and finish of the textile 
material and the type of fibre from which it is made. By 
construction is meant the thickness and twist of the yarns 
ind the manner in which they are woven or knitted to form 
he fabric; by finish is meant the chemical or mechanical 
‘reatment given to the fabric, e.g. it may be given a water- 
‘epellent treatment or it may be calendered to give a smooth, 
lat surface. 


SOILING DURING NORMAL USE 


Suspended solid matter is a constituent feature of the 
sarth’s atmosphere, thesizeand concentration of the individual 
yarticles often varying enormously from place to place. This 
natter ranges from extremely fine smoke particles of diameter 
bout 0-01 pz to heavy industrial dusts whose diameters are 
eckoned in hundreds of microns. Particles of diameter less 
han about 0-3 p exhibit such minute rates of settling in still 
ir that they may be classed as permanent atmospheric 
mpurities. In a normal atmosphere, the majority of sus- 
vended particles range from about 0-1-10 w in diameter, 
yarticles larger than about 1 pw being generally classed as 
emporary atmospheric impurities to an extent depending on 
heir size and on the degree of atmospheric disturbance. The 


* Based on a lecture delivered to the Manchester Branch on 
1 February, 1955, and to the Midland Branch on 16 October, 1956. 
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concentration of suspended matter is naturally greatest in 
industrial areas and least in rural areas. 

When textile materials are exposed to a polluted atmo- 
sphere they become soiled when suspended particles impinge 
on them and adhere to their surface. Large particles may be 
deposited on the material as they settle out under gravity. 
In moving air, particles may be directly intercepted by 
individual fibres or may be thrown on to the fibres as air 
sweeps through the intricate channels between them—in 
other words, the material behaves as a filter. Soiling of 
curtains, of flags and bunting and of filter cloths in ventilating 
systems are familiar examples of soiling by airborne dirt 
which can also affect the cleanliness of garments during wear 
and of yarns and fabrics during their manufacture. A further 
example is the soiling of the fabric frontispiece of a radio 
receiver over an area covering the cone of the loudspeaker 
where, owing to the vibrations of the speech coil, air is 
continually drawn in and forced out through the fabric. 

Soiling of walls above hot water pipes is of common 
occurrence and is due to the thermal precipitation of airborne 
dirt particles which are subjected to differential molecular 
bombardment by air molecules in the region of temperature 
gradient near the cool wall. Soiling of a textile fabric by 
thermal precipation will occur if the temperature of the 
exposed surface of the fabric is below that of the ambient 
air; this type of soiling will not therefore occur with garments 
in use as they will be warmer than the air, but it can occur 
with furnishing fabrics in rooms especially where convection 
heating is used. 

There are in the atmosphere numerous fast-moving 
positive and negative ions of molecular size. The presence 
in the air of minute particles of dust, of the products of 
combustion and of extremely small drops of water often 
leads to the capture of a small ion by one of these condensa- 
tion nuclei and so to the formation of large slow-moving 
positive and negative ions called ‘““Langevin”’ ions after their 
discoverer. Roughly one-third of the condensation nuclei in 
the air is electrically neutral, the other two-thirds being 
charged by the capture of small ions and being more 
numerously negative than positive. If an exposed textile 
material acquires an electrostatic charge as, for example, by 
friction and is able to retain its charge, uncharged airborne 
particles and large ions of opposite sign will be attracted to 
it, thereby increasing its rate of soiling. Cellulose acetate 
and some of the synthetic textiles acquire electrostatic charges 
by friction during spinning and weaving which, because of 
the high insulating properties of these materials are retained 
for a considerable time; in dirty air, this results in trouble- 
some ‘‘fog-marking’’ caused .by the attraction of airborne 
particles to the charged textile. 
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ASSESSMENT OF SOILING 


The first practical consideration in an investigation of the 
soiling problem is to establish a method for measuring and 
for expressing the extent of soiling of textile materials. One 
method is the gravimetric technique where the material is 
weighed before and after soiling and the result expressed as 
the mass of soil acquired by a certain quantity of the material. 
Early tests showed, however, that marked visible soiling is 
produced by minute quantities of soil, so the gravimetric 
method is impracticable. In most uses the appearance and 
not the soil content of the textile is the standard by which 
cleanliness or dirtiness is judged; thus a convenient method 
for assessing soiling is an optical one in which the intensity 
of light reflected by, say, a fabric is compared with that 
reflected by a standard white surface. This is the method 
adopted for general use in these laboratories, measurements 
being made with a photo-electric reflectometer using mag- 
nesium carbonate as the comparison surface. 

Any expression for the extent of soiling derived from 
optical measurements must include data for both the soiled 
and the unsoiled material, The index of soiling adopted in 
these laboratories is the increase in the reflexion density of 
the textile material due to soiling. This index is called the 
“Soiling Additional Density’ (S.A.D.). Thus if Ro is the 
reflexion factor of the unsoiled, and R, the reflexion factor 
of the soiled material, then 

S.A.D. = logio 1/R; — logy 1/Ro 
= logio Ro/R, (1) 

Equation (1) shows that S.A.D. values can range from 
zero to infinity. In practice, however, the upper limit is 
never attained owing to the imperfect blackness of soiling 
matter, the practical limits of S.A.D. being zero to about 1-5. 
An §8.A.D. value of 1-5 corresponds to a reflexion factor of 
the soiled material of only about 3%, which represents 
extremely severe soiling—the housewife is unlikely to tolerate 
a soiling level greater than that represented by an S.A.D. 
value of about 0:01. By analogy with the non-linear relation 
between transmission optical density and the weight of silver 
deposit in a photographic negative, the S.A.D. values will 
not be proportional to the amount of soil on the fabric over 
the practical range of soiling levels, although they are very 
nearly so in the early stages of soiling, and there comes a 
stage where further acquisition of soil by the fabric produces 
no change in S.A.D. It is thus of fundamental interest to 
know the relation between S.A.D. and the quantity of soil 
on a fabric, and this matter will be dealt with in a forth- 
coming paper by the writer to be published elsewhere. 


EXPOSURE TO MOVING AIR 


To investigate the soiling of textile materials by airborne 
matter, samples may be exposed to the normal atmosphere 
outdoors, but this requires a long exposure even in town air, 
during which atmospheric conditions, and particularly the 
concentration of soiling matter in the air, can vary consider- 
ably. Such a procedure, although forming a necessary part 
of the investigations, is not therefore a convenient method of 
experimentation in an extensive research programme, and 
accordingly, a laboratory apparatus was developed in which 
air laden with particulate soiling matter (such as powdered 
carbon) to a controlled concentration is circulated past the 
textile material under test at a known speed. With this 
“dust circulating apparatus,” the dust concentration, air 
speed, orientation of the test specimen with respect to the 
air stream, and the exposure may be varied independently. 
With this apparatus, exposures of 5 min or less are adequate 
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under conditions which are strictly reproducible from sampl 
to sample. Fig. 1 shows a photograph of the apparatus ir 
operation. 


Fig. 1. Dust circulating apparatus 


The dust circulating apparatus was used to test specimens 
of each of a series of fourteen scoured and bleached wove 
cotton fabrics of various constructions. The specimen under} ; 
test was clamped in a brass frame mounted centrally inside 
the apparatus with the fabric surface perpendicular to the 
air stream, the area of the specimen being one-fifth the cross- 
sectional area of the stream. Activated charcoal powder was 
used as soiling matter dispersed in the air stream, moving at 
15 ft/s, to a concentration about 2000 times that of soilin 
matter in average town air. Each exposure was of 5 mir 
duration. The S.A.D. values attained in these tests are giver 
in Table 1. Air permeability values are given as an indicatior 
of the closeness of construction of the various samples. 

The data in Table 1 show clearly that S.A.D. is closely 
related to air permeability, thus illustrating the importan® 
influence of fabric structure on the soiling of fabrics by air-| 
borne matter. The same trend was observed when the samejj 
fabrics were soiled by exposure to the normal atmosphere 
outdoors. The experiments show that in a polluted atmo-) 
sphere, a close structure giving a fabric of low porosity is’ 
required to give resistance to soiling by airborne impurities.# 


fi 


Q 


! 


Table 1. Soiling additional density values obtained in test 


Cotton Weight Air* 

fabric (oz/yd2) Permeability S.A.D.+ 
Canvas 5: Q> 0-13 
Poplin A 4:8 Tie: 0-21 
Plain cloth A 2:4 4-4 0-39 
Poplin B 3-0 6:3 0-40 
Plain cloth B 35.2. 6:3 0-45 
Twill 5,74 DES 0-51 
Sateen 4:9 12-5 0-52 
Plain cloth C 2°8 14-3 0-54 
Poplinette 322 16-7 0:59 
Plain cloth D 4-] 20-0 0-61 
Plain cloth £ 2:4 20-0 0-64 
Plain cloth F DD) 3323 0-70 
Plain cloth G 2:0 45-0 0:81 
Plain cloth H 1:8 50-0 1:14 


* Cm3/cm?s under pressure difference of 1 cm water. 


{ Each value is the mean of three determinations and has 
standard error of about 23%. 
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THERMAL PRECIPITATION 


Soiling of textile materials by thermal precipitation of air- 
borne particles can only occur if the surface temperature of 
the fabric is below that of the ambient dusty air. The 
apparatus used in this study consists of two brass cylinders 
of the same dimensions mounted vertically side by side 
within a large open-ended metal tube also mounted vertically. 
A current of air, heated by an electric element at the lower 
end of the tube, flows upwards past the cylinders. A specimen 
of the fabric under test is wrapped around each cylinder, one 
of which is open at both ends so that its surface assumes the 
temperature of the heated air (75° C) and the other closed 
and fitted with inlet and outlet tubes through which a stream 
of cold water (at about 18° C) is passed continuously from 
a constant head source. The specimens were exposed under 
these conditions in the laboratory for several weeks. To 
overcome the effect of varying dirt content of the atmosphere 
from day to day in making comparative studies of the soiling 
of different fabrics, a duplicate apparatus is mounted along- 
side the original, on which specimens of a particular fabric 
are mounted in each experiment to serve as a control. 

_ Under the experimental conditions described, the surface 
temperature of a fabric exposed on the cooled cylinder will 
lie between that of the water and of the hot air, and since 
most textile fabrics have approximately the same thermal 
conductivity, the surface temperature will increase with 
increasing fabric thickness. The surface temperature of each 
fabric specimen exposed on the apparatus was measured with 
the aid of fine wire copper-Constantan thermocouples 
(48 s.w.g.). Surface temperature values are given in Table 2 
for various fabrics along with corresponding thickness data 


and S.A.D. values after an exposure of three weeks in 
midsummer. 
Table 2. Variation of S.A.D. with surface temperature 
Exposed on cylinder Exposed on 
- at air temperature cooled cylinder 
Thickness Surface Surface 

 Sample* (1/1000 in.) temp. (CC) —-S.A.D. temp. (°C) -S.A.D. 
Bare cylinder —  ..75 eas 21-4 ast 
Nylon fabric aL: Us <0-01 24-0 0-12 
Acetate rayon 

fabric 7 75 <0:01 25-0 0-12 
Viscose rayon 
fabric 10 TSS <0:01 26:9 0-11 
Cotton poplin 18 75 <0-01 28-0 0-10 
Fibro fabric 24 75 <0:01 28-9 0-09 
Cotton sateen 30 75 <0-01 31-4 0-08 


* Nylon and acetate rayon samples scoured, pace samples 
Poured and bleached. 


It is seen that the cooled specimen is in each case soiled 
to a much greater extent than the corresponding specimen 
2xposed at the temperature of the air. The results show 
further that the greater the temperature difference between 
the fabric surface and the ambient air, the greater is the 
sxtent of soiling. The thicker the fabric in contact with the 
sooled cylinder, the smaller is the temperature difference 
xetween fabric surface and air, and the smaller is the extent 
xf soiling. Differential molecular bombardment of sus- 
yended particles in a warm air stream contacting a cool 
surface creates a resultant force which drives the particles 
yn to the surface. The greater the temperature gradient, the 
sreater is the driving force acting on the particles and hence 
he greater is the rate of soiling of the cool surface. 
“Vo. 9, AuGust 1958 
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ELECTROSTATIC ATTRACTION 


“Fog-marking”’ of acetate rayon and nylon fabrics during 
weaving is caused by electrostatic attraction of airborne dirt 
particles by the textile which has become charged by friction 
with the metallic parts of the loom and which, because of 
its high insulating property, retains its charge for a con- 
siderable time. With relatively conducting materials like 
cotton and viscose rayon, the electrostatic charges developed 
are rapidly dissipated and fog-marking does not occur. 

Investigations of the electrostatic attraction of airborne 
dirt particles to cotton textiles were made in the laboratory 
by maintaining fabric specimens at certain electrical potentials 
throughout their exposure to the atmosphere, the specimens 
being mounted in separate brass frames suspended vertically, 
some frames being connected to a positive d.c. supply, some 
to a negative d.c. supply and some to earth. Fig. 2 shows 


O15 
Fig. 2. a 
Progress in ~ 

electrostatic 3 O10 
soiling of 8 
scoured and 3% 
bleached Me 
cotton fabric £ 

2 0-05 


1e) 


Exposure days) 


graphically the progress of soiling of a scoured and bleached 
cotton fabric in such an experiment when maintained at 
various d.c. potentials. It is seen that soiling is more rapid 
when the fabric is charged than when uncharged, and that 
the rate of soiling is increased by stepping up the applied 
potential, i.e. by increasing the charge density on the fabric. 
Further, at a given potential, the rate of soiling is seen to be 
greater for the positively charged than for the negatively 
charged specimen: this is attributable to a preponderance of 
negatively charged dirt particles in the atmosphere. 

Jn a particular experiment, specimens of the cotton fabric 
were exposed at +1200 V, —1200 V and at earth potential to 
the laboratory air for five weeks, and a nitrocellulose film 
mounted on an electron microscope grid was attached to each 
specimen throughout the exposure. Electron micrographs 
of the exposed films are shown in Fig. 3. Inspection of the 
micrographs showed that most of the particles, which were 
roughly circular in shape, lay within diameter limits of 0-05 
and 0-1. The number of particles of all sizes on the 
micrographs were counted, and the results are given in 
Table 3 along with the S.A. D. values of the exposed fabric 


“specimens. 


The data show that soiling is heavier on the positively 
than on the negatively charged fabric, with both showing 
much greater soiling than the uncharged fabric. The S.A.D. 
data are in agreement with the particle count values. 

Fog-marking on fabrics is strikingly apparent to the eye, 
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yet the individual dirt particles on fog-marked fabrics are so 
fine as to be invisible under the ordinary microscope. The 
large majority of the particles shown in the electron micro- 
graphs (Fig. 3) are too small to be seen under the optical 
microscope. 


(b) 


(c) 


Fig. 3. 
(a) +1200 V; (6) —1200 V; (c) zero V. 


Electron micrographs of exposed films 


Table 3. Variation of soiling with electrostatic charge 
Number of particles| 
Fabric S.A,D. cm2 of film 
«Specimen at actual relative actual relative 
+1200 V 0-064 Ife 140 x 103 6-4 
—1200 V 0-050 6 106 x 103 4°8 
zero V 0-009 1-0 22 <10° 1-0 


FABRIC FINISH 


One example will be given of the effect of fabric finish on 
the appearance of a soiled textile fabric, namely, the effect 
of a waterproofing treatment on the soiling of a cotton 
fabric in a damp atmosphere. 

A technique for investigating airborne soiling of textiles 
was developed in which fabrics are exposed to a cloud of 
soil particles which may be either wet or dry. An aqueous 
dispersion of insoluble particles (e.g. carbon) is converted 
into a fine mist with the aid of a suitable spraying device. 
This mist is allowed to settle under gravity on to the surface 
of the fabric, the air within the test chamber being maintained 
at saturation point throughout the exposure. Alternatively, 
by means of a roof heater, the relative humidity within the 
chamber can be maintained at a value below 40%, and under 
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these conditions the water droplets evaporate, leaving a dry | 
particulate cloud which is deposited on the fabric surface. 
Fig. 4 shows a photograph of two samples of the cotton 
poplin B (see Table 1) after exposure in this manner to a wet | 
particulate cloud, sample (a) representing the scoured and 
bleached fabric and sample (b) the same fabric after receiving | 


(a) (0) 


Fig. 4. Samples soiled by exposure to wet particulate 
carbon cloud ( x 10) 


(a) Scoured and bleached poplin B. 
(6) Dipsanil proofed poplin B. 


a water repellency treatment in a 10% dispersion of Dipsanil 
V. The experimental technique employed ensures that the 
mass deposit of soiling matter on each sample is the same 
(namely 47 jxg/cm? of the sample), yet the visual appearance 
is strikingly different for the two samples, the wettable 
sample (a) appearing much dirtier than the unwettable 
sample (b), the S.A.D. values being 0:54 for (a) and 0-30 
for (b), a ratio of 1-8 to 1. Microscopical examination 
showed that the different visual effects are due to different | 
distributions of the soiling matter; the particles are evenly 
spread over the surface of the bleached sample, but are © 
distributed in discrete groups on the surface of the proofed | 
sample. This is attributable to the different wettabilities of 
the samples. This conclusion was confirmed by a similar | 
experiment with a dry cloud of particles instead of a wet | 
cloud; the bleached and the proofed samples then showed | 
equal visible soiling. Thus whereas under the dry conditions 
the appearance of both soiled samples is the same, a marked | 
difference in appearance occurs under the saturated con- 
ditions because of the different distributions of the particles | 
resulting from a difference in wettability. 


AIR DIRTINESS 


Several examples have been given of factors which can | 
influence the extent of soiling of textiles by airborne dirt, 
but, of course, all these factors are of secondary importance | 
compared with the dirt content of the air itself. If the — 
atmosphere is entirely free of suspended dirt, the textile will 
remain clean however one varies the construction and finish | 
of the materials or the type of fibre incorporated in them or | 
the temperature and relative humidity of the atmosphere, but | 
since the atmosphere is never perfectly clean, the extent of 
soiling of textile materials will increase with increasing dirt 
content of the air: Thus the concentration of airborne 
matter is an important factor, but it is not necessarily the 
major factor—the nature of airborne dirt is important since 
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different types of suspended matter can produce different 
visual effects on textiles. 

Dirty atmospheres can be a serious source of trouble in 
the textile industry, and, indeed, in other industries, and can 
cause considerable economic loss to manufacturers by con- 
taminating their goods to such an extent that at best they are 
of “seconds” quality. Many manufacturers have installed 
air-filtering plants, but experience has shown that such plants 
sometimes fail to achieve the desired level of cleanliness in 
mills. It therefore became important to be able to make an 
assessment of the dirtiness of, say, mill atmospheres and of 
the filtering efficiency of complete air-cleaning plants or of 
various stages of such plants on the site. An air dirtiness 
sampler was developed at the Shirley Institute to enable 
rapid assessments to be made in this respect. This instrument 
will be described elsewhere in due course. 

In a test for air dirtiness, a certain volume of air is pumped 
through a disk of Whatman No. | filter paper of known area, 
and the air dirtiness value is calculated in terms of these 
quantities and the measured change in the reflexion factor of 
the paper. The unit of air dirtiness has been named the 
“murk’’; air is said to have unit murk value when 0-1 m? 
of the air drawn through | mm? of the filter paper produces 
an increase in reflexion density, ic. a decrease in logy 
(reflexion factor), of 0-1. The derivation of the murk unit 
and a discussion of the various factors affecting its assessment 
will be published elsewhere. The murk value of the atmo- 
sphere ranges from about 1, obtained in mid-summer within 
a mill equipped with a highly efficient air-cleaning plant, to 
about 13000 outdoors during very severe fog. A murk value 
of 1 represents exceptionally clean air, and is not in the 
writer’s experience representative of the outdoor atmosphere 
in or near towns, for which the lowest value obtained so far 
is 6-3 murks on the outskirts of a north-east Lancashire 
town with the wind blowing from open moorland. At the 
other extreme, values around 10000 murks, representing 
really filthy atmospheres, occur only very rarely. The scale 
of murk values given in Table 4 will usefully describe the 
cleanliness or dirtiness of the atmosphere. 


Table 4. Scale of murk values 


0-50 murks 
50-100 murks 
100-250 murks 
250-500 murks 
500-1000 murks 
1000 murks 
3000-5000 murks 
Over 10000 murks 


Outstandingly clean air 
Clean air 

Moderately clean air 
Fairly dirty air 
Unpleasantly dirty air 
Light fog 

Dense town fog 
““Pea-souper’’ fog 


\ Naturally if the same volume of air is always sampled, the 
stain on the filter paper disk will be much denser when the 
air being tested is very dirty than when it is very clean, and 
under very clean conditions the stain may be too faint to be 
observed or even to be measured. Thus under clean air 
conditions a larger volume of air must be sampled than 
under dirty air conditions. The sampler has been designed 
to meet these requirements; different volumes may be selected 
at will by turning a switch and the sampler automatically 
switches itself off after the selected volume of air has been 
sampled. As the filter paper becomes clogged with airborne 
dirt, the pumping rate will decrease, but the sampler is so 
designed that it ensures that the same volume of air is sampled 
for any particular setting of the instrument under all 
conditions. 

The dirtiness of the outdoor atmosphere of towns is rarely 
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Murk value 


|- pm >|< am >|~< pm — am >+|<— pm 


Fig. 5. Variation in dirtiness of air during typical day 


in June and October in Manchester 


constant for more than a few minutes and it is often 
important to know how much it varies during the day and 
whether there is a regular pattern in the variation throughout 
each day. In order to obtain this information, another version 
of the air dirtiness sampler was developed which samples the 
air automatically at pre-determined intervals throughout the 
day and night for many days. Typical trends are shown in 
Fig. 5 for the outdoor air in a residential district of Man- 
chester. Whereas in June the air is moderately clean and 
there is no appreciable change in air dirtiness throughout 
day and night, an entirely different pattern occurs in October. 
The level of dirtiness is appreciably higher than in June and 
a remarkably consistent diurnal trend exists in normal 
settled weather showing maximum cleanliness at 5-6 a.m. 
and maximum dirtiness at 6-7 p.m. On any particular day 
the ratio of air dirtiness at these two times ranges from about 
4:1 to 12:1 in normal settled weather. In unsettled and 
foggy weather, however, atmospheric dirtiness can change 
rapidly; for example, during one foggy period the murk 
value rose from 750 to 2000 in twenty minutes. 

Without doubt, the major contribution to atmospheric 
pollution is attributable to the combustion of fuels. The 
polluting matter from this source consists of incompletely 
burned particles of fuel, ash, grit, dust and tarry soot, all of 
which give rise to visible pollution, and also of gases, mainly 
sulphur oxides, which, although invisible, are, nevertheless, 
damaging, for the sulphuric acid into which they become 
converted in the atmosphere decays stonework, corrodes 
metals, sours the soil and tenders textiles. 

It is, admittedly, the solid components of polluted air 
which manifest themselves most readily as far as textiles are 
concerned, resulting in soiled clothing and curtains and 
furnishing fabrics; but we cannot ignore the deleterious 
effects of the invisible gases, particularly the sulphur oxides. 
Visible smoke pollution and invisible gas pollution do not 
necessarily go hand in hand. It has been found, for example, 
that, although cotton fabrics exposed outdoors in a resi- 
dential district of Manchester were soiled to a less extent 
than similar fabrics similarly exposed in an industrial area 
of Sheffield, the tendering of the Manchester fabrics was on 
average greater than that of those exposed in Sheffield. 
Admittedly, the soiling and tendering of textiles cannot be 
attributed wholly to atmospheric pollution, but there is no 
doubt that the existence and maintenance of clean air in 
hitherto polluted areas will substantially decrease these 
undesirable phenomena and also contribute in other ways to 
a happier existence. 


BRITISH JOURNAL OF APPLIED PHYSICS 


CONFERENCE REPORT 


Summarized proceedings of a conference on electron microscopy— 


Bangor, September 1957 


The Annual Conference of the Electron Microscopy Group of The Institute of Physics was 
held in the Department of Botany, University College of North Wales, Bangor, from 10 to 12 
September, 1957. The papers presented, and discussion on them, are summarized in this report. 


ELECTRON OPTICS 


The opening session contained two papers by Mr. D. H. 
PAGE (British Paper and Board Industry Research Associa- 
tion, Kenley, Surrey). In the first of these, on the chromatic 
field aberrations in reflexion electron microscopy,‘ Mr. 
Page showed that the coefficient of the chromatic difference 
in magnification in a triple-lens reflexion electron microscope 
is a function of the axial position of the aperture and the 
focal length of the intermediate lens. The magnitude of the 
coefficient may be calculated as a function of these variables. 
It was shown that there is a focal length of the intermediate 
lens for which the coefficient vanishes and this condition is 
required for the correction of the aberration. The coefficient 
of chromatic difference in rotation is dependent on the 
overall rotation of the image and may be minimized by 
exciting the lenses in opposition. The effect on the image of 
a misalinement of the objective aperture was also dealt with. 
The tolerances in the conditions for the correction of the 
field aberrations and the alinement of the aperture were 
calculated for typical values of the energy spread in the 
electron beam for reflexion work at both low and high angles 
of beam deviation. 

In his second paper, Mr. Page described how the 
Metropolitan-Vickers type EM3 microscope may be adapted 
for use as a reflexion instrument with an angle of beam 
deviation as high as 26: 5° (Fig. 1, p. 319). It was necessary 
to minimize both the axial and field components of the 
chromatic aberration, within the limits imposed by the use of 

-a commercial instrument. Under these conditions, a resolu- 
tion of 600 A can be achieved with a depth of field of 200 p. 
Although the resolution is inferior to that of the conventional 
reflexion instrument, the comparatively low degree of fore- 
shortening (2:6: 1) and the very high depth of field give 
rise to a highly informative and readily interpreted image. 
Micrographs were shown illustrating the method applied to 
problems in the chemical, biological and metallurgical fields. 


INSTRUMENTATION 


A small universal electron microscope was described by 
Dr. V. DraAnHos and Dr. A. DELONG (Laboratory of Electron 
Optics, Czechoslovak Academy of Sciences, Prague). The 
column and the high tension unit may be placed on a normal 
laboratory table, because the dimension and weight of both 
are as small as possible. The illuminating system is formed 
by an electrostatic lens, permitting the elimination of the 
condenser lens. The magnifying system has four magnetic 
lenses, the magnification ranging from 1000 to 30000. This 
system also facilitates electron diffraction. The final image 
is recorded on 35 mm film or 5 x 5 cm lantern slides. There 
are two adjustable apertures: one above the specimen and 
the other between the objective pole-pieces. The instrument 
is provided with a magnetic stigmator, an object air lock and 
a stereo-device. The resolving power attainable is about 20 A. 
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_ This requires a new object carriage [Fig. 2(a), p. 319], similar 


; 


The accelerating potential of 60kV is formed by a high-+ 
frequency circuit with a degenerative feedback stabilizatio 
securing a stability of +2 V. The coils are fed from a 24 V 
battery with a capacity of 120 Ah. The vacuum system 
employs an air-cooled oil diffusion pump backed by a two- 
stage oil rotary pump and a very simply operated distribution’ 
system. 

The instrument may be used as a reflexion electron micro 
scope; only the insertion of an oblique flange between th 
illuminating system and the specimen chamber is necessary.) 
The electron beam can be tilted through any angle between! 
5 and 11°. The tilt of the specimen is continuously variabl 
within a desirable range. For emission microscopy th 
illuminating system is replaced by a special adaptor. It i 
possible to activate the specimen in the instrument without 
disturbing the vacuum. The temperature of the specimen 
can be measured by means of a thermocouple. 

The construction of a high-temperature stage for the 
Elmiskop 1 (by Siemens and Halske) was described by Dr. M. J. 
WHELAN (Cavendish Laboratory, University of Cambridge). 


to the conventional one but without the stereo attachment. 
Except for stereo work, this carriage may therefore be used for 
routine work. The object holder [Fig. 2(b), p. 319] is similar 
in external appearance to the conventional one and is insertec 
through the air lock in the usual manner. The holder contains 
a two-pin socket which makes contact with a two-pin plug 
[Fig. 2(c), p. 319] inserted through the hole normally occupie¢ 
by the stereo control. The plug can be withdrawn and the 
object holder removed while the instrument is under high 
vacuum. Temperatures of the order of 800-1000° C can be 
attained by passing a direct current of up to 3 A through 
the 200-mesh stainless steel specimen-supporting grid. The 
effect of the heating current on the performance of the 
objective is not noticeable in transmission work on thin metal 
foils; the main factor limiting resolution appears to be drift! 
of the filament specimen support during the warming-up} 
period. 

Mr. J. CARTWRIGHT and Mr. G. WILLIAMSON (Safety in| 
Mines Research Establishment, Sheffield) described an 
integrating exposure indicator. This shows the total exposure 
from the moment of opening the shutter, which the operator 
closes when the indicator reaches a predetermined mark. 
When it is opened, a pair of contacts on the shutter starts a 
count of X-ray quanta emitted from the photographic} 
emulsion and resets the indicator to zero when the shutter is! 
closed. The instrument may be adjusted so that, for a given} 
type of photographic plate, the mid-scale reading on the} 
meter corresponds to normal exposure. 

The resolution available with present-day electron micro-! 
scopes enables defects in shadow-casting methods to be 
detected. In order to evaluate the use of shadow-casting 
techniques in electron microscopy, a special evaporator unit 
has been constructed by Mr. R. W. Horne (Cavendish| 
Laboratory, University of Cambridge). The essential 
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eatures consist of a large demountable metal chamber 
uumped by a mercury diffusion pump fitted with cold traps. 
specimen angles and position can be changed by external 
ontrols. Facilities for introducing suitable apertures above 
he point source are provided, together with methods for 
ntroducing cold fingers into the chamber. Freeze-drying 
pray tubes can also be mounted to the unit. It is proposed 
o study the “‘background” structures produced by different 
netals over a range of substrate temperatures. Initial 
xXperiments using uranium evaporated on to carbon films 
tripped from mica suggested an improvement in the sharp- 
less of the shadow, but considerable background structure 
vas observed within the range of 15-25 A. 

Mr. A. C. VAN DorsteEN (Philips Research Laboratories, 
jindhoven) then outlined recent modifications to Philips 
lectron microscopes and described a correlation method for 
he identification of grain patterns. 


SPECIMEN TECHNIQUES 


Mr. A. W. AGar (Aéon Laboratories, Englefield Green, 
surrey) discussed the potential advantages of thin sections of 
norganic material, using a diamond knife as developed by 
Moran, and presented some preliminary results. Sections of 
| pure, coarse-grained, polycrystalline aluminium of relatively 
iniform thickness (about 500 A) were shown, together with 
1 micro-diffraction pattern from a selected area of one of 
hese micrographs. Other applications of thin sectioning 
lescribed were the distribution of the carbon particles in their 


natrix of resin in a carbon resistor and the structure of 


arbon rods of the type used in Bradley’s replication method. 

The use of an Araldite resin for embedding was the subject 
yf a paper by Mr. M. S. C. BirBeck and Dr. E. H. MeRrcER 
Chester Beatty Research Institute, London). The wide- 
pread use of methacrylate polymers as embedding materials 
s due to their admirable cutting qualities. However, it has 
9een found that certain materials consistently contain a type 
yf artefact that arises during the polymerization process 
ind reveals itself as localized swellings. It may be slight 
yr it may result in a complete destruction of the tissue 
“explosion’’). The cause is probably the catalytic effect of 
he tissue itself. The idea of using epoxide resins, where 
lardening does not depend on the presence of a catalyst, is 
lue to Maalge and Birch-Anderson,® but the most satis- 
actory mixture is that devised by Glauert, Rogers and 
Jlauert™ and based on the Araldite resins. Mr. Birbeck 
nd Dr. Mercer have tested this mixture over a large range 
yf tissues, e.g. materials noted for their poor preservation in 
nethacrylate: liver, spleen, bone marrow and protozoa; 
issues of abnormal hardness; hair; tissues having variable 
exture; glands with a dense secretion and bacteria. In all 
ases extremely good preservation was obtained. Cutting is 
little more difficult and is improved by using a glass knife 
vith an angle less than 45°. 


ELECTRON DIFFRACTION 


Dr. M. J. WHELAN and Dr. P. B. Hirscu (Cavendish 
aboratory, University of Cambridge) presented a paper on 
lectron diffraction from crystals containing stacking faults. 
n this they showed that the well-known dynamical equations 
f electron diffraction can be extended to the case of over- 
upping crystals, so that the diffraction of electrons by 
rystals containing imperfections, such as grain boundaries 
nd stacking faults, could be predicted. The theory had been 
eveloped in detail for the case of a single stacking fault 
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traversing a thin parallel-sided metal foil.©) It can also be 
applied to the case of overlapping crystal stacking faults on 
neighbouring crystal planes. The predicted contract varia- 
tions are observed directly on transmission electron micro- 
graphs of metals of low stacking-fault energy, where stacking 
faults are produced as a result of splitting of dislocations into 
partial dislocations (Fig. 3, p. 319). 

Mr. J. A. GARD (Department of Chemistry, University of 
Aberdeen) described three instances where information about 
structures of silicate minerals had been derived from electron 
diffraction of small single crystals. X-ray data for the fibrous 
zerolite erionite had indicated an orthorhombic unit cell, but 
electron diffraction clearly showed that the cell is a closely 
related hexagonal one, and revealed the presence of glide 
planes which restricted the permitted space groups to 
five. Secondly, a provisional structure for zeophyllite, 
Ca,Si;0gF,(OH)>, 2H,0, had been derived on the assumption 
that the more intense spots in the diffraction pattern were 
related to the positions of the heavy calcium atoms.™ Finally, 
the derivation of the unit cell of foshagite, Ca4Si;0, . H,O, 
was described. The cell is closely related to that of 
B-CaSiO3, one of the products of dehydration at 700° C, 
and it was shown that the orientation is preserved. A 
mechanism for the dehydration and a provisional structure 
for foshagite were proposed.® 

Experiments using various methods have suggested that 
particles of quartz dust have an external layer of amorphous 
silica. The thickness of this has been investigated by Mr. J. 
CARTWRIGHT (Safety in Mines Research Establishment, 
Sheffield). Experiments with an artificially applied amorphous 
layer on quartz powders showed that with an applied layer 
100 A thick there was a detectable reduction in the clarity of 
the electron diffraction patterns; the amorphous silica layer - 
must therefore be thinner than this. Specific surface 
measurements based on electron microscope counts and 
low-temperature nitrogen sorption revealed a layer thickness 
in the range 10 to SOA. 


PHYSICAL APPLICATIONS 


The session held under this title contained five papers 
contributed by members of the group working at the Tube 
Investments Research Laboratories, Hinxton, under Dr. 
J. W. Menter. In the first of these, Dr. D. W. PASHLEY 
described a method of preparing thin (200A upwards) 
single-crystal, coherent and uniform films of gold and the 
observation of. dislocation features in them. Electron 
diffraction examination showed that the films were highly 
oriented with (111) planes parallel to the plane of the film. 
Electron microscopic examination showed that they were 
very coherent and uniform in thickness. Dislocations could 
be observed in the films by means of diffraction contrast, 
and, the motion of these dislocations and the effect of 
annealing at about 500° C was studied when the specimen 
was illuminated by means of the double condenser system 
in the Siemens Elmiskop I. It was also found possible to 
prepare films of gold in (100) orientation. 

Moiré patterns on electron micrographs were described by 
Mr. G. A. Bassett, Dr. J. W. MENTER and Dr. D. W. 
There are two basic methods of preparing these 
patterns. In the first, two identical overlapping crystals are 
used with a small relative rotational misorientation (rotation 
moiré patterns); in the second method, two crystals of slightly 
different lattice spacings are overlapped in parallel orientation 
(parallel moiré patterns). The authors have developed a 
method”) of preparing such specimens in a controlled manner. 
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In each case single crystal gold films (as described in the 
preceding paper) are used as the first crystal. Either a second 
gold crystal is mounted on this (rotation) or else a second 
metal (copper, nickel, palladium or platinum) is evaporated 
on it (parallel). The mechanism of formation of moiré 
patterns was then considered in some detail and it was shown 
that both types of pattern may be thought of as enlarged 
images of the projected lattice planes. Thus the moiré 
patterns provide an indirect method of resolving a crystal 
lattice. This technique is extremely valuable because a 
dislocation in one of the two lattices will appear as an extra 
half-line or lines on the moiré pattern as shown in the two- 
dimensional optical analogue (Fig. 4, p. 320) and in the 
example of Fig. 5 (p. 320). The movement of dislocations 
may be observed by means of the associated changes in the 
patterns. An example of this was shown for the case where 
the movement resulted from thermal stresses induced by the 
electron beam. 

An apparatus was described by Dr. D. W. PASHLEY which 
permitted thin metal films to be put under stress inside the 
electron microscope (Siemens Elmiskop I) so that simul- 
taneous examination of the microscope image or electron 
diffraction pattern could be made. Preliminary experiments 
have been carried out with single crystal gold films in (111) 
orientation and about 1000A in thickness. These were 
described in some detail. One interesting conclusion from 
preliminary diffraction measurements was that, while the 
spacing of the lattice planes parallel to the direction of 
stressing remained unchanged, that perpendicular to the 
direction of stressing increased by at least 0:7°%, an amount 
of elastic strain at least an order of magnitude greater than 
that observed in a bulk specimen of gold. 

The observation of small periodic structures by electron 
microscopy was next discussed by Mr. G. A. BAsseTT. 
Following earlier work on the direct resolution of the crystal 
lattice (about 12A spacing) of phthalocyanine crystals, 
successful results have been obtained with molybdenum 
trioxide in which the (020) planes have a spacing of 6:93 A 
(Fig. 6, p. 320). It is not thought that this represents the limit 
of what is possible with existing microscope. The moiré 
pattern method described above had already resolved lattice 
spacings of 5-8 A and direct observation should be possible 
down to 5A. Moiré patterns from gold/nickel specimens 
have also been recorded with a periodicity in two directions 
with a spacing of 9:2 A, thus demonstrating that astigmatism 
is not a limiting factor at this level. 

Also considered in this session was a new crystallographic 
replica method described by Dr. T. Evans. This had been 
designed to permit the study of the slip process in silver 
crystals. The principle is to grow a thin film of gold by 
evaporation on the silver surface which had been electro- 
polished. The gold forms a coherent film which is oriented 
with respect to the underlying silver. As the lattice para- 
meters of silver and gold differ by only 0-5°%, the gold film 
may be considered, to a first approximation, as a continuation 
of the silver lattice. The composite specimen may be deformed 
in tension and the gold film stripped by dissolving the silver 
in dilute nitric acid. The deformation studied by this 
technique is characteristic of the bulk material and not of 
the thin films themselves. The results obtained were described. 


CHEMICAL APPLICATIONS 


The so-called “whiskers” that can be grown from thin 
layers of electrodeposited tin compressed between two 
clamping plates were described by Mr. D. E. BRADLEY, 
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Mr. J. FRANKS and Mr. P. E. Rusx (Associated Electrical 
Industries, Aldermaston). The light microscope was found| 
inadequate for revealing the surface structure of the filaments, 
the diameters of which were less than 5 yx, and direct electron 
micrographs gave only a silhouette. Carbon replicas were} 
therefore used and gave satisfactory results (Fig. 7, p. 320). 
Various different forms of whisker were found, including} 
smooth cylinders, ribbons and whiskers with irregular cross- 
sections. Bundles of whiskers were also found and were} 
thought to be due to a number of adjacent sources. 

Mr. R. W. Horne (Cavendish Laboratory) and Mr. R. H. 
OTTEWILL (Department of Colloid Science, University o 
Cambridge) showed a 16 mm ciné film, obtained by direct| 
photography of the fluorescent viewing screen of a Siemens} 
Elmiskop I, of studies on particles of colloidal silver iodides 
(single crystals). Under certain electron optical conditions} 
two interesting phenomena had been observed. Highly 
mobile changes of contrast occurred within the particles, the} 
speed of which could be accentuated by increasing the electron| 
beam intensity and decreased, or apparently stopped, byl 
reducing the beam to low intensity; the variations in contrast 
appeared to continue indefinitely without decomposition o 
the particle provided that the beam intensity was maintained 
constant. These changes are thought to be associated with 
the defect lattice of silver iodide and the high transport 
number of the silver ion. Secondly, with certain types of 
particles, notably tetrahedra, the formation of filaments was‘ 
observed. These were pushed outwards very rapidly, often 
in a series of jerks, many filaments having diameters as low 
as 30 A and yet remaining quite rigid. With thicker filaments: 
(about 100A diameter) changes of contrast were observed! 
during growth. Micro-diffraction patterns indicated that they 
filaments consisted of silver iodide. 

Mr. P. CHARSLEY and Mr. P. E. Rusu (Associated Electrical} 
Industries, Aldermaston) had studied sodium  chloride# 
whiskers, grown from solution by the Gyulai technique,“ 
using carbon replicas, electron diffraction and direct observa- 
tion in the electron microscope. The orientations of the} 
whiskers were found to be in the [001] direction and occasion- 
ally in the [110] direction. The whisker shapes were various. 
the most common type being bounded by two parallel (100) 
planes and two irregular surfaces which were formed by the# 
edges of growth layers on the (100) planes. A small number} 
of whiskers were of highly regular cross-sections—usually\i 
rectangular or square and very occasionally triangular. 
Other observations. were described which indicated that the# 
thickening of the whiskers (which occurs at a late stage} 
during growth) results from growth in layers initiated by} 
two-dimensional nucleation (Fig. 8, p. 321). Nucleation} 
occurs when the thin film of solution adhering to the whisker} 
surfaces becomes highly supersaturated. It was thought that 
the substructure revealed during the destruction of thet 
whiskers under electron bombardment might be a result of 
this mode of growth. 

The fine structure of unstretched regenerated cellulose, }f 
which had not hitherto been elucidated satisfactorily, was} 
described by Dr. A. SHARPLES, Mr. R. I. C. Micnte andif 
Dr. J. DituGosz (British Rayon Research Association, 
Manchester). The usual ultrasonic disintegration technique, ; 
prior to electron microscopy, yields characteristically irre-! 
producible results, there being occasionally an indication of} 


a = 


apparently amorphous mass. In the present investigation} 
unstretched regenerated cellulose had been subjected to 
swelling in 35° w/w hydrochloric acid for 5—10 min at 
room temperature prior to ultrasonic disintegration. The} 
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resulting picture in the electron microscope was quite different 
from that observed previously, and indicated a conglomera- 
tion of short, rather irregular microfibrils possibly associated 
in a network. This result had been obtained with saponified 
cellulose acetate film (sécondary and primary), freeze-dried 
saponified. cellulose triacetate and viscose model filament. 
The picture was completely reproducible and was held to be 
correspondingly significant. 

Mr. A. KELLER (H. H. Wills Physics Botan: University 
of Bristol) showed evidence of chain folding in single crystals 
of polymers. Polyethylenes, polyamides, nylons and gutta- 
percha had been studied. In the course of this work, single 
crystals, confirmed by electron diffraction, had been prepared. 
The most striking results had been obtained with the linear 
polyethylene Marlex 50. Polygonal areas in continuous films 
(Fig. 9, p. 321) could be identified as single crystals with the 
molecules essentially perpendicular to the film surface. The 
striations visible in the figure are along the 5 crystallographic 
axis and are most probably slip lines. In another method of 
preparation, the same polymer was allowed to crystallize while 
the solution was cooled, resulting in a suspension of single 
crystals that resembled those of paraffins. They consisted of 


flat layers, with well-defined faces, and grew by spiral terrace . 


formation centred on screw dislocations. The basic layers, 
and those of subsequent growth steps, were about 80-150 A 
thick. The most striking feature was the orientation of these 
molecules; electron diffraction had revealed that the molecules 
are perpendicular to the flat surface of the crystals. The 
molecules must therefore be sharply folded back on them- 
selves. Keller indicated supporting evidence for this and 
discussed the parallel between paraffin and polymer crystals. 

Mr. M. W. ANpreEws, Mr. S. C. Roy and Dr. J. SiKORSKI 
(Textile Physics Laboratory, University of Leeds) discussed 
the significance of the now well-established microfibrillar 
character of most natural and synthetic fibres in relation to 
the old concept of their two-phase (crystalline and amorphous) 
structure, suggested mainly on the basis of X-ray work, on 
the one hand, and to more recent considerations of their 
typical dimensions (about 200A) as the manifestations of 
thermodynamic equilibrium,“") on the other. In agreement 
with the latter views, the presence of microfibrils was clearly 
demonstrated in crystalline polyethylene terephthalate (drawn 
Terylene), using the usual mechanical and chemical techniques 
of specimen preparation, thus confirming the conclusions 
obtained from early work involving replica techniques. 
However, more significant is evidence suggesting that the 
tendency to form microfibrillar units is inherent also in 
amorphous polyethylene terephthalate (undrawn Terylene) 
(Fig. 10, p. 322). The interaction between some organic 
solvents and amorphous polyethylene terephthalate showed 
many interesting (though, at present, not fully explained) 
features of partia! crystallization or progressive dissolution. 
More detailed studies are now being undertaken of the varying 
character and size of microfibrillar material recrystallized 
from different solvents. 

In two brief communications, Dr. D. G. DRUMMOND 
(British Cotton Industry Research Association, Manchester) 
showed micrographs of a viscose filament in cross-section 
and some observations on. vat dyes. 


METALLURGICAL APPLICATIONS 


Five papers were contributed by members of the Depart- 
ment of Metallurgy, University of Cambridge. Dr. G. 
Tuomas described a technique for obtaining thin metal foils 
of aluminium alloys for transmission electron microscopy. 
The thickness of the foils is reduced mechanically and by 
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controlled electropolishing, the remaining oxide film being 
removed chemically. Details of the method have since been 
published in this. Journal.” 

Mr. R. B. NICHOLSON had examined by transmission thin 
foils of aluminium 4°% copper heat-treated in the bulk state. 
Preferential arrays of the 6’ phase had been frequently 
observed and these were thought to be due to precipitation 
on slip lines, subgrain boundaries and single dislocations. 
The use of thin foils rather than oxide replicas had enabled 
studies of the shapes and orientations of the precipitates to 
be made. It had been found that only one or two of the 
three orientations of 6’ present in bulk material are seen in 
the preferential arrays. 

An electron metallographic study of fatigue in aluminium 
4% copper alloys was reported by Mr. W. I. MiTcHELL for 
which oxide replicas had been used. These had been made 
by anodizing at 40 V in di-sodium hydrogen phosphate 
solution and stripped by electropolishing away the metal 
beneath them. This gave a strong replica showing slip lines 
and extrusion.on the surface of the specimen. Some workers 
have assumed the existence of localized over-ageing on the 
slip lines but no evidence was found to support this view. 
To produce softening 9’ precipitation would be required and, 
although the oxide replica would show this from its earliest 
stages, none could be found in specimens fatigued in the 
as-quenched stage. 

The results of a metallographic study of the changes 
associated with creep in a tempered steel were reported by 
Mr. R. G. BAKER and Dr. J. Nuttinc. The steel investigated 
was a commercial creep-resisting HGT. 3 type which had been 
solution treated, quenched and tempered. Creep tests to 
rupture were then carried out over a range of stresses at three 
different temperatures and, after testing, the microstructure 
was examined in the electron microscope using the carbon 
extraction replica technique. The creep ductility varied 
considerably with testing conditions. 
favoured by high stresses but at low stress levels inter- 


“granular fracture resulted after very little deformation. It 


was thought that at low stresses the grain deformation was 
very slow compared with the intergranular sliding and that 
this led to stress concentration at the boundaries, eventually 
resulting in cavitation and fracture. Raising the testing 
temperature lowered the creep strength considerably, but 
increased the ductility. This was due to the changes which 
took place in the microstructure during testing at higher 
temperatures; coarsening of the carbide structure and a 
decrease of the grain strength. 

The metallography of surface structure resulting from 
deformation was investigated by Mr. D. G. BRANDON using 
direct-carbon replicas. The wavy slip lines characteristic of 
a-iron were not generally resolvable into lamellae and their 
diffuse nature indicated that slip occurred on a wide band 
of slip planes, and not on one or two planes as in «-brass. 
Cross-slip and sharp slip lines were also observed, and at 
grain boundaries slip lines faded out, “crossed” into the 
next grain or were deflected parallel to the boundary. After 
abrading and electropolishing deformed specimens to remove 
slip traces, etching in 1°% nital revealed banded markings. 
Electron microscopical examination resolved a background 
etch-structure with a density of 10!° — 10!! bumps/cm?. In 
the etchbands this structure was absent and it was thought 
that these regions were bands in which slip had occurred and 
the dislocations had been torn from their Cottrell atmo- 
spheres, the background structure being due to the formation 
of segregates at dislocations and other imperfections during 
heat treatment. 
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Mr. R. Puitures (Associated Electrical Industries, Alder- 
maston) showed some transmission electron micrographs of 
arrays of dislocations at sub-boundaries in thin films of 
aluminium and bismuth telluride. These included examples 
of interference phenomena of the moiré pattern type. Mr. 
Phillips explained certain apparently anomalous arrange- 
ments on the observation that certain elements of dislocation 
give rise to very little contrast. He also discussed the problem 
of distinguishing between patterns at sub-boundaries due to 
dislocations and those due to interference and indicated 
differences in the general appearance and in the behaviour 
under stress of these patterns. 

Dr. M. J. WHELAN, Dr. P. B. HirscH and Mr. R. W. 
Horne (Cavendish Laboratory, University of Cambridge) 
and Dr. W. BOLLMANN (Batelle Memorial Institute, Geneva) 
described experiments by transmission electron microscopy 
on thin sections of stainless steel") After small deformations 
the dislocations were found to occur in pile-ups against grain 
boundaries. Many of these pile-ups were found to have 
interacted with dislocations on other slip planes and certain 
specific reactions could be recognized. Under suitable 
conditions, the partial dislocations are driven apart, leaving 
wide stacking faults (Fig. 3, p. 319). It has been possible to 
estimate the stacking fault energy and this had been found to 
be low. In contrast to the case of aluminium, cross-slip was 
only observed in exceptional circumstances. Several other 
observations were described and illustrated by ciné film, 
including the interaction between dislocations that result 
from the stresses induced when thin films are heated by the 
electron beam. 

The results of a study of etching structure on aluminium 
were presented by Mr. R. PHILLIPS and Mr. N. C. WELSH 
(Associated Electrical Industries, Aldermaston). Typical 
sub-grains, | to 3 in diameter, were revealed but, in 
addition, an etching structure consisting of cells of about 
0:2 spacing was found. The latter structure closely 
resembled patterns observed by Hunter and Robinson !4) on 
replicas from chemically polished aluminium surfaces. The 
postulate by these workers that misorientation boundaries 
are revealed by the chemical polishing process was therefore 
rejected. 

Mr. W. F. JAcK and Mr. J. W. SHARPE (Royal College of 
Science and Technology, Glasgow) described an investigation 
of pure and corrosion fatigue cracks in a mild steel. A 
replica method due to Page“>-!® was used and particular 
attention was paid to the region near the tip of the crack. 
Very striking differences were observed between pure and 
corrosion fatigue. In pure fatigue the crack was generally 
extremely fine (less than I y) and of fairly uniform width, 
even at a considerable distance from the tip, while in corrosion 
fatigue the crack widened rapidly to 10. or more. The 
cracks were always transcrystalline in ferrite, and when 
intercrystalline cracks did occur they were always between 
ferrite and pearlite. They tended to avoid pearlite grains 
and where they did pass through pearlite it was usually at 
a weak or thin part of the grain. In all the samples examined, 
the tip of the crack was in the ferrite and it appeared that the 
crack was propagated very rapidly through pearlite. In the 
case of corrosion fatigue, evidence of corrosion products 
could be observed right to the tip of the crack. 

The last four papers of this session were contributed by 
members of the group working at the Research Laboratories 
of Richard Thomas and Baldwin Ltd., Aylesbury. Dr. 
G. R. Booker and Dr. J. Norsury outlined a scheme for the 
examination of inclusions and precipitates occurring in 
steels, based on techniques previously described by these 
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authors.(!7) 18) The use of an extraction replica method |j 


allows the isolated material to be examined in transmission 
by optical and electron microscopy, and electron diffraction, | 
and yields sufficient extracted material for X-ray diffraction, 
X-ray fluorescent analysis and spectrographic studies. The ; 
scheme has been devised to allow most types of included ; 
material to be studied, but the information yielded by the } 
various phases of the examination may depend on the shape, | 
size and distribution of the included material. Examples 
were given of the application of the scheme to the study of | 
carbides, nitrides and inclusions in plain and alloy steels. 

Dr. G. R. Booker, Dr. J. Norpury and Mr. A. L. SUTTON 
used previously described!” !®) techniques to identify the | 
precipitates formed during the nitriding of pure iron and 
open hearth steel. Two types of precipitate were observed, a j 
“large” type shown to be y’—Fe,N, and a “small” type, the ¢ 
identity of which had been. established as o’’—Fe;¢No. 
Transmission studies on the extracted material yielded much | 
detailed information concerning the morphology and. sub- 
structure of the two precipitates. The identification of the 
small type was facilitated by tilting the replica at a large } 
angle to the beam and by scanning the replica whilst recording 
the diffraction pattern. The “large” type of precipitate } 
occurred as plates up to 25 pw in size and was found to grow | 
with the plane of the plates parallel to the (112) y’-crystallo- 
graphic planes. The “‘small’’ types were also plate-like, did | 
not exceed 6 p in size, and formed with the plane of the plates h 
parallel to the (001) «’’-crystallographic planes. They had 
similarly identified the same types of precipitates sometimes 
found in commercial open hearth steel (Fig. 11, p. 322). 

Dr. G. R. Booker, Dr. J. Norpury and Mr. A. |} 
WESTROPE described how they had isolated, by extraction } 
replicas using the single-etch technique,“'7'®) the inclusions 
present in the aluminium deoxidation series ingots of Sloman } 
and Evans. These had been examined by optical and } 
electron microscopy and by X-ray and electron diffraction. | 
Some additional morphology of the particles had been 
revealed and the identity of the particles proposed by 
previous investigators confirmed. In particular, inclusions § 
in the oxygen-rich ingots were found to contain appreciable 
amounts of magnetite. 

This session ended with a general contribution by Dr. | 
G. R. Booker and Dr. J. NorBury on the use of the electron 
microscope for day-to-day problems in the steel industry. 


i 
a 


BIOLOGICAL APPLICATIONS 


With the increased use of selective weedkillers, insecticides, 
and foliar applied fertilizers, characteristics of leaf surfaces 
have become increasingly important. For example, a ! 
herbicide which fails to wet the surface of a particular leaf, 
is unlikely to have the desired effect on the plant. Mr. B. E. | 
JUNIPER (Department of Botany, University of Oxford), who | 
had investigated this problem, had found the light microscope 
inadequate for detecting differences between certain wettable 
and non-wettable leaf surfaces and had therefore studied | 
these in the electron microscope. <A single-stage replica | 
technique was used to avoid affecting the delicate nature of / 
the leaf surfaces with organic solvents. Evaporated carbon } 
was employed, deposited directly on to the leaf and stripped | 
mechanically. The leaf surface was not apparently affected | 
in any way by being placed in a vacuum, nor did it gas to ’ 
any significant extent. Either true replicas or pseudo- 
replicas were produced by this method, the latter containing 
some of the original wax structures torn from the leaf surface. | 
Mr. Juniper showed examples of the leaf surfaces of a number 
of different species obtained in this way (Fig. 12, p. 322). 
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A method devised by Mr. D. H. PaGe (British Paper and 
soard Industry Research Association, Kenley, Surrey) for 
he replication of pulp fibres“') was found not to be applic- 
ible to dry macerated wood fibres (tracheids), owing to their 
igidity and inability to bond securely to a glass substrate. 
furthermore, the. lumen was uncollapsed and filled with air 
vhich escaped during the replication. These difficulties had 
een Overcome by a simple partial embedding technique, 
ollowed by vacuum impregnation of the fibres with metha- 
rylate monomer. The replication then followed the method 
yreviously described. 

Dr. A. M. GLaAuert (Strangeways Research Laboratory, 
Cambridge) and Mr. D. A. Hopwoop (Department of 
Botany, University of Cambridge) described an investigation 
of the fine structure of Streptomyces coelicolor. Colonies 
were embedded in methacrylate or Araldite and thin sections 
were examined in a Siemens Elmiskop I. A series of changes 
vas observed in the nuclear material of the hyphae during 
spore formation. These changes could be correlated with 
»bservations with the light microscope on colonies stained 
with chromatinic stains. Streptomyces has a greater struc- 
‘ural complexity than other bacteria, as indicated by the 
oresence of laminated structures and electron-dense poly- 
netaphosphate bodies in the cytoplasm. 

The problems arising from the application of the electron 
microscope to histological problems, and particularly to 
sathological material, were discussed by Dr. K. LITTLE 
Nuffield Orthopaedic Centre, Oxford). Emphasizing the 
mportance of the fixative used, Miss Little pointed out that 
nm many cases a choice between alternative interpretations of 
the final photograph would be impossible without a detailed 
knowledge both of the history of the specimen and its 
processing. 

Mr. D. E. Braptey (Associated Electrical Industries, 
Aldermaston) and Mr. D. J. WiLiiaMs (National Institute 
for Research in Dairying, Shinfield) showed carbon replicas 
of Bacillus spores which revealed unexpected surface sculptur- 
ing (Fig. 13, p. 322). This had been found to vary according 
to the species, and in those so far examined the variation was 
sufficiently well-defined to permit identification at species 
level. Less marked, though definite, differences had also 
been detected in different strains of the same species. It had 
been found that biochemically similar species have nearly 
similar spores. The only case in which different species had 
been found to have identical spores was that of Bacillus 
polymyxa and Bacillus macerans. 

The structure of chloroplasts in Tradescantia and maize 
was described by Mr. J. C. W. CrawLey (John Innes Horti- 
cultural Institution, Bayfordbury). The amount of chloro- 
phyll extracted from pieces of leaf from Zea mais during 
preparation for electron microscopy was estimated by 
measuring light absorption in the 660 my region. Com- 
parison with chlorophyll extracts from unfixed material 
from the same leaves showed that 10 to 24% of the chloro- 
phyll is removed depending upon the fixation and dehydration 
procedure. Chloroplasts in the leaves of Zea mais that had 
been fixed in a buffered osmium solution at 0:35 mM showed 
the well-known structure of grana linked by lamellae in the 
stroma. Fixation at 0-2Mm gave rise to a swelling: that 
disrupted the stroma but showed that the grana consist of 
systems of closed membranes. Chloroplasts in the leaves of 
Tradescantia bracteata contain large rectangular bodies, and. 
these could be related to the large crystals that occur in the 
eaf cells of this plant, but may, in fact, be large starch 
srains. The grana of these chloroplasts appeared in the 
swollen state to have a somewhat different structure to 
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those in maize, a system of triple membranes being more 
typical. 

Mr. A. D. HALLy (Department of Anatomy, University of 
Glasgow) teported on the fine structure of the Paneth cell. 
Portions of mouse jejunum were fixed with osmium tetroxide 
solution and embedded in methacrylate. The Paneth cells 
were readily distinguished from the neighbouring cells of the 
crypt. The features of the Paneth cell were found to be 
large secretory granules, extensive endoplasmic reticulum 
and clusters of dense particles. The Golgi complex was 
supranuclear and appeared to give rise to small vacuoles 
which incorporated Golgi vesicles and became small secretory 
granules. Mr. Hally therefore concluded that the Golgi 
vesicles, a component of the Golgi complex, form part of the 
final secretory product of the Paneth cell. 

Dr. A. O. T. CHARLES (Departments of Dermatology and 
Biomolecular Structure, University of Leeds), postulated a 
two-ended attachment for the tonofibrils of the human 
epidermis. The points of attachment are at the prickles of 
the epidermal cells, where adjacent cell walls adhere together. 
In this way the relationship of the tonofibrils and the prickles 
are made clear, since, efficiently utilizing the elastic «-B 
transformation of the tonofibrils and their ultimate resistance 
to further stretching, they form a continuous system through- 
out the epidermis, a system well suited to the environmental 
conditions met by the body surface. 

A study of connective tissue growth in normal and scor- 
butic granuloma was reported by Dr. J. A. CHAPMAN and 
Mr. R. PEACH (Rheumatism Research Laboratory, University 
of Manchester). The injection of carrageenin, a sulphated 
polygalactose obtained from seaweed, into the skin of the 
guinea-pig stimulates the rapid formation of connective 
tissue. An electron microscope study of this tissue showed 
the occurrence of normal collagen fibres and intermediate 
stages in their development. The reprecipitated neutral-salt- 
soluble collagen fraction extracted from the tissue was found 
to consist of thin fibres, some of them showing 220A 
striations; the reprecipitated citrate-soluble fraction consisted. 
of normal fibres. In scorbutic animals the amount of tissue 
formed is smaller and no new fibres are visible histologically. 
The electron microscope showed the presence of collagen 
fibres with the normal structure, but in addition, thin beaded 
fibrils, not present in normal animals, were found. In 
phosphotungstic-acid-stained specimens of reprecipitated 
citrate-soluble collagen from scorbutic animals, a highly 
abnormal type of fibre with diagonal banding was observed. 

H. W. EMERTON 
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ORIGINAL CONTRIBUTIONS 


The ratio of characteristic to white X-radiation 
from a copper target 


Research Organization, Ryde, New South Wales, Australia 
[Paper received 5 December, 1957] 


The ratio (k) of the total Kx radiation to the total white radiation emitted by copper target 
X-ray tubes has been estimated by isolating the contribution of wavelengths near Aka with 
balanced nickel and iron filters. The total radiations leaving the tube have been inferred from 
the counting rates of a Geiger counter exposed to the direct beam from the X-ray tube (suitably 
attenuated by a pinhole system). Corrections for transmission of the air path and quantum 
efficiency of the Geiger counter as functions of wavelength were applied to an assumed spectral 
distribution for the white radiation. The assumed spectral distribution was selected on the 
basis of a literature survey of investigations on continuous spectra, a brief outline of which is 
given. It is found that at 35 kVp, & = 2-2, a result which lies between those of Arndt and 
Riley,’ who found k = 5:4, and of Parrish and Kohler,“ from whose curves a value of 
k = 0:35 is deduced. A measure of reconciliation between these results is achieved if various 
corrections and different experimental conditions are taken into consideration. Curves show 
the variation of & over the target area, with take-off angle, and with voltage; the form of the 
voltage variation agrees with the results of Guinier.2)) 


Wool Textile Research Laboratories, Commonwealth Scientific and Industrial 


For the purpose of testing a correction applied to experi- 
mental data obtained during an investigation of the X-ray 
diagram of wool,“ the author required a knowledge of the 
approximate distribution of the continuous spectrum, and 
the approximate ratio of the integrated intensity of the 
characteristic to that of the continuous radiation. A Norelco 
Geiger counter diffractometer was used for the investigation 
on wool, and the standard four-window X-ray tube was 
operated at 35 kVp (full-wave rectified), and at 3° take-off 
angle. 

The literature on X-ray spectra deals mainly with precise 
determinations of emission wavelengths of the K, L and M 
series, and relatively little work has been carried out on 
investigations of spectral intensities. Some workers, Ulrey,@ 
Deauvillier,°) Kulenkampff,® Kirkpatrick,©) and Pike, © 
concentrated mainly on the distribution of the continuous 
spectrum, while amongst others, Webster and Clark,” 
Unnewehr,“® Allison, Webster and others,“ and Worth- 
ington and Tomlin,“ dealt with the intensities of character- 
istic spectra. There appears to be a lack of work on the 
determination of intensities of complete spectra, and it is 
only in recent years that any information on such spectra has 
been published.“?: !%) 

Arndt and Riley?) used an almost new copper X-ray 
tube at unspecified take-off angle, and at 30 kV d.c. Their 
results, which were obtained by combining data from Geiger 
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counter and proportional counter measurements, were } 
corrected for absorption in the air, the nickel filter, the § 
counter window and the counter gas, and for wavelength 
variation of reflexion from the calcite crystal. Subject to a} 
correction for higher order reflexions from the crystal and a # 
correction for lack of linearity in the dispersion curve of the 
spectrometer, their curve represents the spectral distribution } 
at the window of the X-ray tube. They state that the # 
integrated intensities of the Kx, Kf and white radiations are ‘ 
in the ratio of 100: 13-3: 18-5, ic. a Ke/white ratio of # 
myer tea i 

Parrish and Kohler“) operated their copper X-ray tube, 
which was old and tungsten-contaminated, at 3° take-off 
angle and at 40 kVp (full-wave rectified). They used a} 
silicon (111) crystal monochromator, and their detector was 
a Nal.T/ scintillation counter without peak height dis- 
crimination. The results are apparently not corrected for | 
air absorption, etc., and it is difficult to estimate the magni- 
tude of the necessary corrections. They state that ‘‘the 
continuous spectra at moderately high operating voltages | 
have an integrated intensity of more than an order of magni- | 
tude greater than that of the Ka lines.” Actual integration 
of the areas under their curve gives a Ka/white ratio of 
about 0:35: 1. (The spectral curve shown in Parrish and } 
Kohler’s article is rather small, and the integration was 
performed, using an evidently identical curve, but drawn to P 
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larger scale, contained in an article by Parrish and 
‘aylor.“%) 

The Jarge discrepancy between these results, which is not 
xplained by differences in operating conditions, caused the 
uthor to carry out his own determination of this ratio. A 
uitable X-ray spectrometer not being available, it was 
ecided to use the copper X-ray tube in conjunction with 
alanced nickel and iron filters. By a method described in 
etail later, the ratio of the intensities transmitted through 
hese filters was used to calculate the Ka«/white ratio, which 
vas found to be about 2: 1. 


[ EXPERIMENTAL 


- 


In principle,\the experimental arrangement is very simple. 
The direct beam from the X-ray tube is stopped down to a 
ew hundred counts per second; at counting rates above 
bout 800 counts per second, the long resolving time of the 
seiger counter, about 150 jus at constant potential, does not 
yermit accurate corrections for coincidence losses to be 
nade.“'5) [In calculating corrections for counting losses, the 
ffective dead time of the Geiger counter (Norelco type 
2019), which takes account of alternating potentials, was 
aken as 270 ps.“%] The intensities transmitted through 
he nickel and iron filters are then obtained in turn, and 
heir ratio calculated. 

A number of complications arise in practice. The 
ntensity of the direct beam from the copper target of the 
Norelco four-window X-ray tube, at 3° take-off angle, when 
‘educed by the standard 0-003 in. slit in front of the Geiger 
counter, is of the order of 10°-10’ counts per second at 
10rmal operating voltages. This intensity has to be reduced 
xy a factor of about 10+ before it can be used for absorption 
ests involving the direct beam. If this reduction is effected 
oy the use of a series of narrow slits, erroneous results are 
»btained, as even a small misalinement of the slits changes 
he spectral character of the observed intensity, probably 
Jue to diffraction at the slits. Similarly, the use of long fine- 
sore capillary tubes is unsatisfactory, because of total external 
-eflexion effects in the bore, which tend to monochromatize 
he resultant beam.“” The final arrangement, which gave 
sonsistent results, was a pair of circular apertures, one 80 ju 
jiameter, mounted in front of the X-ray tube, and the other, 
200 . diameter, in front of the Geiger counter. As the 
jiameters of these apertures were sufficiently large, and their 
engths sufficiently short (about 1:5mm), errors due to 
liffraction at the apertures and total external reflexion were 
sliminated. This method of direct beam reduction was used 
vith the Geiger counter in its normal goniometer mounting, 
jut it was found necessary to remove the Soller slit assemblies, 
is these also markedly changed the character of the radiation, 
yresumably again owing to total external reflexion effects. 

The 80 pu aperture in front of the X-ray tube was held in 
1 universal mounting, which permitted correct alinement 
ind change of take-off angle. By moving this aperture 
10rizontally parallel to the line focus of the X-ray tube, the 
<a/white ratio of different parts of the target could be 
nvestigated. 

As a check on the above procedure, the reduction of the 
lirect beam intensity was also effected by placing the Geiger 
‘counter at a distance of about 350 cm from the X-ray tube. 
\n evacuated tube with thin mica windows was placed 
yetween source and detector, and the thickness of the mica 
vindows chosen so as to be equivalent to the normal air 
yath of 34cm. Without the evacuated tube, this method of 
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determining the K«/white ratio is too insensitive, because 
absorption in 350 cm of air reduces the copper characteristic 
radiation to about 1% of its original intensity. The mica 
window near the X-ray tube was large, and permitted the 
entire focal area to be seen from the other window, which 
had a diameter of 140 uw. With this arrangement, therefore, 
the spectral character of the radiation from the entire target 
area could be determined, compared with about one- 
hundredth of the target area for the two-pinhole system. 
Consistent results were obtained with these two methods. 

As a further check, the direct beam was attenuated also 
by reducing the X-ray tube current to a few microamperes. 
The advantage of this method lies in its simplicity: the 
normal X-ray optical arrangement is used, and there is no 
need to remove the Soller slit assemblies. At the same time 
it should be noted that some de-focusing of the electron 
beam may occur when an X-ray tube is operated under 
current conditions greatly different from those for which it 
was designed: parts of the target not kept ‘‘clean’” by 
evaporation of tungsten deposits owing to constant electron 
bombardment may then be caused to emit X-rays, and this 
radiation will have a different spectral quality from that 
produced under normal operating conditions. In the event, 
however, the results obtained with this method were entirely 
consistent with those obtained by stopping down the direct 
beam, which suggests that no significant de-focusing takes 
place. 


THEORETICAL 


The spectral distribution of the radiation from an X-ray 
target is usually obtained with a suitable X-ray spectrometer, 
an instrument which consists essentially of a crystal analyser 
and a detector of X-rays. The original radiation is modified 
by the following factors: 


(1) absorption in the X-ray target; 

(2) absorption in the window of the X-ray tube; 

(3) absorption in the air path between X-ray tube and 
detector; 

(4) reflectivity of the crystal analyser; 

(5) correction for lack of linearity in the dispersion curve 
of the spectrometer (this is often ignored); 

(6) correction for orders of reflexion from crystal analyser; 

(7) quantum efficiency of the detector. 


All these corrections must be applied in order to obtain the 
true spectrum from that observed with the spectrometer. In 
practice, only the spectrum at the window of the X-ray tube 
is of interest, and only corrections (3-7) need be applied. 
Once this spectrum has been calculated, the Ka/white ratio 
is found from the areas under the spectral curve. 

In the case of the direct-beam method employed by the 
author, the Ka/white ratio cannot be found as easily, because 
the Geiger counter detector is not capable of discriminating 
between intensity contributions from different parts of the 
spectrum. Instead, use is made of the fact that nickel is 
relatively transparent, while iron is practically opaque to the 
copper Ka line. The ratio of the intensity transmitted by 
the nickel and iron foils of suitable thickness, the nickel/iron 
ratio, is therefore some measure of the Ka/white ratio of 
the radiation. The method of calculating the actual K«/white 
ratio is described below; it involves a knowledge of the 
spectral distribution at the window of the X-ray tube, and 
as the distribution is not known, a reasonable spectrum 
must be assumed. This can only be done on the basis of 
the various spectral curves reported in the literature, and 
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proved to be rather difficult, because, for a variety of reasons, 
most published spectra are unsatisfactory. 

Spectral distributions. Ulrey,® who was the first to 
attempt a determination of the spectral distribution of 
X-rays, and whose curves are still frequently found in 
reference works and textbooks, only covers the range up to 
1A, and does not apply any corrections at all. His results 
are therefore of little value for quantitative work. Ulrey’s 
data were re-computed by Pike,“ who only applied cor- 
rections (2), (4) and (7). Deauvillier’s curves®) are corrected 
for (2), (6) and (7), but his upper wavelength limit is only 
0:-8A. Kulenkampff™ corrects for (1-5) and (7), and he 
circumvents the need to apply correction (6) by limiting the 
wavelength region to Ay < A < 2Ap at any particular X-ray 
tube voltage. He fitted his curves to the empirical equation 


CZ ! bZ? 
n= 2G, 3) +72 e 


where J, is the intensity of the radiation at wavelength A, Ao 
is the Duane-Hunt short-wavelength limit, and Z is the 
atomic number of the target material; C and 5 are constants, 
but 5 is so small that the second term is generally omitted. 
Kulenkampff’s curves only cover the wavelength range from 
about | to 3A, and his voltages range from 7 to 12 kV. 
Kirkpatrick® applies all the corrections, except (1), and he 
determines the spectrum inside the X-ray tube. Again, 
however, only wavelengths up to 1 A are covered, and all 
the tests are carried out at relatively high voltages (51-4 to 
70:7kV). Arndt and Riley’s curve is claimed to represent 
the spectrum at the window of the X-ray tube, but unfor- 
tunately corrections (5) and (6) do not appear to have been 
applied. Parrish and Kohler’s curves, which were reported 
with the primary object of showing the effect of pulse height 


|OOO Kirkpatrick 
| 514 KV 
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600 \ 
> ee ! Parrish and Kohler 
£ vee 1 40kVp 
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£400 Author (assumed) 
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2 } \X 3ORV de. 
om 
200}! 5 
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2 
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Wavelength \ (A) 


Fig. 1. Comparison of Kulenkampff’s spectral distri- 

butions with various experimental curves, and the 

author’s assumed curve for 35kVp. All the experi- 

mental curves are normalized to make their peak 

intensities equal to the corresponding Kulenkampff 
curves 
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discrimination on spectra obtained with scintillation counters; 
are apparently uncorrected experimental records, and dc 
not show true spectral distributions. 

Of all the curves available in the literature, it appears tha} 
only Arndt and Riley’s data can be used as a reasonabld 
basis for the present investigation. In Fig. 1, Arndt anc 
Riley’s and Kirkpatrick’s curves are compared with thosq 
given by Kulenkampft’s equation. Also shown is the curve) 
by Parrish and Kohler, and that assumed by the author fom 
35 kVp. | 

It is seen that the general shape of the family of Kulen{ 
kampff’s curves differs from that of the experimental curves } 
This is to be expected, in view of the different experimenta | 
conditions and correction procedures already referred to} 
and also because Kulenkampff tested his expression only i 
a limited voltage and wavelength range. Nevertheless, th 
author found the Kulenkampff expression convenient { 
because it permits a whole set of mutually consistent spectral 
distributions to be drawn. It should be noted here that a 
theoretical expression obtained by Kramers“!® from quantum 
principles is in good agreement with the experimental 
expression obtained by Kulenkampff. 

The assumed spectral curve for 35 kVp was drawn on the 
basis of Arndt and Riley’s curve at 30 kV d.c., and using 
Kulenkampff’s curves as a general guide. Some allowance 
was made for Arndt and Riley’s curve not being corrected: 
for the effect of higher orders, by reducing the height of the 
tail level of the assumed curve. This reduction could only) 
be guessed, but some indication of its magnitude was obtained 
from Kirkpatrick’s work. The effect of higher orders is to 
some extent compensated by Arndt and Riley’s omission to 
apply the probably small correction for spectrometer dis 
persion. It is further compensated by the author’s use of} 
a.c.: Deauvillier found that the tail levels of a.c. spectra‘ 
curves are higher than that of corresponding d.c. curves. 

In view of: the uncertainty concerning the true spectra } 
distribution, the effect of different assumed distributions or} 
the K«/white ratio was investigated, and was found to be} 
relatively small (see below). 


80 180 
6 = 
a iP 
3 e 
€ & 
— tw 
2 40F 740 2 
fe} 
(8) 1 t 1 =A @) 
O2 LO 18 


Wavelength \ (A) 


Fig. 2. Efficiency of X-ray detection as a function of | 

wavelength. Curves (A) and (B) are taken from a | 

report by Taylor and Parrish.“9) Curve (C) is obtained 

by multiplying corresponding ordinates of curves (A) 
and (B) 

Curve (A), transmission of 34:0. cm of air: curve (B), Geiger 


counter quantum efficiency (Norelco No. 62019): curve (©); 
overall efficiency of instrument. 


VoL. 9, AuGusT 1958 


| 


/ 


The Ke/white ratio (k). The curve at 35 kV assumed by 
the author (Fig. | and Fig. 3, curve A) is taken to represent 
the spectrum at the window of the X-ray tube. This spectrum 
is corrected for absorption in the air path, and for Geiger 
sounter quantum efficiency, using the curves shown in Fig. 2. 
he resulting ‘instrumental spectrum” (Fig. 3, curve B) is 
ext corrected for absorption in the nearly balanced nickel 
und iron filters, of thicknesses 0-00070 and 0-00095 in. 
espectively (Fig. 3, curves C and D), on the basis of mass 
rbsorption coefficients reported by Allen.2 
In order to obtain an expression for the desired Ka/white 
atio, let the total white intensity of the spectra shown in 
Fig. 3; as determined by integration under the curves, be 


A f 
dA, etc., and let the corresponding characteristic intensities 
ye Ix 4, 18.4, etc. The Ka/white ratio is then given by 


A A 
k = Ia,4/UubdA = K/Xihdr (2) 


A 
vhere « = Ja4. The value of XJ,dA is calculated in arbitrary 
mits, and k is known, if « can be determined: in the same 
inits. 


200 F 


lIOOF 


lntensity \, (arbitrary ‘units) 


Wavelength A A) 


Fig. 3. Effect of corrections on the spectral distri- 
bution at 35 kVp assumed by the author. Integrated 
white intensities are given in arbitrary units, and inten- 
sities of the K« and Kf lines are shown as a function 
of x, the Ka intensity of the spectrum at the window of 
the X-ray tube. The ratio of the Ke to the Kf 
intensity (1 : 0-133) is taken from Arndt and Riley’s 
report!) 
Curve A, spectrum at window of X-ray tube; curve B, 


““mstrumental spectrum’’; curve C, nickel-filtered ‘“‘instrumental 
spectrum’’; curve D, iron-filtered “instrumental spectrum.” 
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\ 
The ratio of characteristic to white X-radiation from a copper target 


The ratio of the intensity transmitted by the nickel foil to 
that of the iron foil, the nickel/iron ratio, is given by 


Cc 
Fs “hdr rah lac Sr IBe 


k’ 


D 
Uhdaa + Iap + IBp 


Using the intensity data shown in Fig. 3, this equation 
becomes 


10-7 + 0-192 +.0-0006)« —_ 10-7 + 0-193 
9-2 + (0-0008 + 0-0006)« 9-2 + 0-001K 
92k! — 10-7 
Pe Le O93 0-00LK. (3) 


Substitution of the value of « in equation (2) gives 


1 9-2k" — 10-7 


K = 7100-193 — 0-001K’ 


(4) 


The value of k’ is determined by experiment, and hence k 
can be calculated. 


RESULTS 


Two Norelco four-window copper tubes were investigated ; 
one tube was old (about 1500 hours use), and the other new 
(about 150 hours use). Surprisingly, the old tube gave a 
higher value of k, despite a presumably larger amount of 
tungsten contamination. A single-crystal oscillation photo- 
graph was therefore taken, and it was found that the new 
tube was heavily contaminated with iron. As the iron lines 
lie outside the “‘window”’ of the balanced nickel-iron filter 
combination, their contribution forms, in effect, part of the 
white spectrum, and this results in a lower Ka/white ratio 
for the new copper tube. A small amount of iron was also 
found to be present in the old copper tube. Two different 
Geiger tubes were tested, one supplied by North American 
Philips, and the other by Philips, Eindhoven. Both gave 
almost identical results. 

The variation of k across the Geiger counter window was 
investigated by moving the Geiger counter across the pinhole 
at the end of the 350cm evacuated tube. In the central 
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Fig. 4. (a) Variation of k along line focus of X-ray tube. 
New copper tube, 35kVp, 3 mA, 3° take-off angle. 
Geiger counter in normal position on goniometer. No 
Soller slits. (b) Variation of k with take-off angle. New 
copper tube, 25 kVp, 3mA. Geiger counter in normal 
position on goniometer. No Soller slits. (c) Variation 
of k with applied voltage. Old copper tube, X-ray tube 
current about 3 “A, 3° take-off angle, normal X-ray 
optical arrangement, Soller slits in position. Guinier’s 
original curve has arbitrary units of k. It is normalized 
here to agree with the author’s curve at 35 kVp 
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region of the window (about 10 mm) where the variation is 
small, the mean value of k is about 2-2 for the old copper 
tube, and about 1-7 for the new copper tube. There is no 
significant difference between spot focus and line focus. 

The variation of k along the line focus of the X-ray tube 
was investigated by moving the two-pinhole system hori- 
zontally across the window of the new X-ray tube [Fig. 4(q)]. 
The large fluctuations in the value of k, which are only to a 
minor extent statistical, are thought to be due mainly to 
slight variations in the surface structure of the target. The 
mean value of k is about 1-7, which is consistent with the 
already quoted result obtained with this tube. The variation 
of k with take-off angle was determined by rotating the 
two-pinhole system in a vertical plane. The results clearly 
show a rise of k with increasing take-off angle [Fig. 4(d)]. 
The variation of k with voltage is shown in Fig. 4(c). 

All the results reported here, as well as others not included 
for reasons of space, show that at normal take-off angle (3°) 
and 35 kVp, the Ka/white ratio (k) for the old copper tube 
is about 2-2, while that for the new copper tube is about 1-7. 
The latter result is of little significance, because of the iron 
contamination of the target. Some comment is called for 
on the variation of k with voltage. Equation (3) can only 
be used at 35 kVp. At other voltages, other equations, based 
on different assumed spectra, have to be used: when this is 
done, the graph shown in Fig. 4(c) is obtained. For com- 
parison, a curve reported by Guinier?!) is also shown. 

Because of the many uncertainties in determining the 
value of k, some estimate of the accuracy of the procedure 
must be given. In order of importance, the main sources 
of error are: choice of spectrum at the window of the X-ray 
tube, Geiger counter efficiency and thickness of balanced 
filters. The magnitude of the first of these can only be 
assessed by assuming different distributions, and calculating 


the effect on the Ka/white ratio, as shown in Fig. 5. The 
300} 
5 
S 
5200} 
rere). 
Oo 
O02 
Wavelength A (A) 
Fig. 5. Effect of different assumed spectra at the 


window of the X-ray tube on the K«/white ratio. 
curves are drawn for 35 kVp 


All 


position of maximum intensity is not seriously in dispute, 
and all the curves are identical up to 0-7 A, the wavelength 
at which higher order reflexions first occur. Curve (1) is 
essentially that assumed by Kulenkampff, and must be too 
high, because he corrects for absorption in the target and 
the window of the X-ray tube. Curve (3) is the one assumed 
by the author, and is identical with curve A of Fig. 3. The 
correct curve could be lower, as has already been mentioned, 
and possibly curves (4) or (5) should have been chosen, but 
it can be seen this uncertainty is not likely to affect the final 
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value of k by more than +10%. The error in k due to a} 
10% variation (at all wavelengths) of the Geiger counter 
quantum efficiency (Fig. 2) is +10°%, and that due to a 3% 4 
variation of filter thickness is +5°%. The overall error in| 
the Ka/white ratio is therefore of the order of 30%, possibly \ 
considerably less. 


DISCUSSION 


The result of this investigation (k = 2 + 0-5) differs 
greatly from that obtained by Arndt and Riley“ (k = 5-4)| 
and Parrish and Kohler‘!3) (k ~ 0-35). A measure of 
reconciliation between these results can be achieved, how-} 
ever, if the different experimental conditions are taken into || 
consideration. In Arndt and Riley’s case, their use of a} 
new copper X-ray tube operated at d.c., and possibly at j 
large take-off angle, would undoubtedly lead to a greater 
Ka/white ratio than that obtained by the author, particularly | 
as the target of even the old copper tube used by the author 
contained some iron contamination. While the effect of i 
these factors cannot be estimated quantitatively, it is possible & 
that after correction the results could agree within experi- 
mental error. In Parrish and Kohler’s case, omission of the # 
necessary corrections (air absorption, etc.) must have } 
resulted in their Ka/white ratio being considerably too low, 
but the discrepancy between their result and the author’s, | 
which is of the order of 10 : 1, would still be expected to be § 
large after correction. ' 
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The ageing of vacuum standard lamps on a.c. and d.e. 


By W. BarneTr, R. G. Berry, B.Sc., Grad.I.E.E., and J. S. Preston, M.A., M.LE.E., F.Inst.P., F.LE.S., 
Light Division, National Physical Laboratory, Teddington, Middlesex 


[Paper received 20 December, 1957] 


A comparison is made of the rates of fall of luminous intensity and current, at constant voltage 
and colour temperature 2390° K approximately, of 100 V 30 W vacuum photometric standard 


lamps, on a.c. and d.c. supplies. 


The rate for intensity is considerably higher on d.c. than on 


a.c., while the rate for current is lower. These specific effects of d.c. operation can be accounted 
for simply by changes in filament emissivity. There is no necessity to postulate a migration of 
tungsten along the surface of the filament, as in the authors’ previous work on gasfilled lamps. 
The effects are shown to be almost fully reversible, after many hours of burning, by suitable 
application of reversed d.c., and a.c., supplies. As for gasfilled lamps, the usefully smaller rate 
of depreciation characteristic of a.c. operation may be fully retained on d.c. by reversal of 
polarity at regular convenient intervals, so that the use of a.c. becomes legitimate for the normal 
preliminary ageing tests. 


INTRODUCTION 


In a previous paper,“ the authors dealt with the ageing of 
vasfilled standard lamps run at constant voltage. With a 
d.c. supply of fixed polarity, the rates of fall of luminous flux 
and of current were found to be, respectively, some four 
times and twice the rates observed with an a.c. supply of the 
same r.m.s. voltage. These effects, peculiar to d.c., were 
ascribed partly to migration of tungsten along the filament, 
producing a greater rate of increase in filament resistance, 
and partly to faster roughening of the filament surface, 
decreasing the proportion of radiation emitted selectively in 
the visible region of the spectrum. The effects were 
reversible, for both light output and lamp current were 
observed to increase for many hours after reversal of the 
previously fixed d.c. polarity. Moreover, with regular 
reversals of d.c. at intervals of a couple of hours or less, 
the lamps settled down to behave, in these respects, exactly 
as though running on 50 c/s a.c. 

The present paper describes similar work on tungsten 
flament vacuum lamps. They were of the 100 V 30 W type 
‘by the General Electric Co. Ltd.) for use as secondary 
standards of luminous intensity.?) The filament is a 
uniplanar grid of straight tungsten wire. The lamps were 
set at 100 V with colour temperatures near 2390°K. These 
and some other conditions were dictated by the ultimate 
purpose of using the lamps as N.P.L. standards. In par- 
ticular the photometer measured not the luminous flux but 
the luminous intensity. This may be taken as approximately 
proportional to the flux. However, the ratio of the two does 
not necessarily remain exactly constant with time of burning, 
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for any progressive change in the surface-structure of the 
filament would presumably alter to some extent the polar 
distribution of light from it. This point—interesting, though 
‘in practice only incidental—was not investigated. 


EXPERIMENTAL OBSERVATIONS 


Of a group of fourteen lamps, ten were aged continuously 
on an a.c. supply for just over 240h. The broken lines 
in the figure show the average depreciation in luminous 
intensity and lamp-current. Over the later part of the 
period the luminous intensity was falling at the rate of 
0:32% per 100 h, and the current at 0-11% per 100h. 

The remaining four lamps were differently treated, with 
results shown by the full lines in the figure. For the first 
ninety hours or so, terminating at A on the graph, they also 
were run on a.c. This provided initial stabilization under 
the same conditions as for the other ten lamps. Then for 
the period AB of about 200h, the four lamps were run on 
d.c. of fixed polarity. It is seen that the intensity soon began 
to fall more rapidly than on a.c. At the end of the period 
it was falling at the rate of 2-5% per 100 h—about eight 
times the a.c. rate. On the other hand, the rate of fall in 
current diminished, and was only about 0:07°%% per 100 h, 
averaged over the period—about two-thirds the a.c. rate. 

It was then decided to attempt a “recovery programme’’ 
for the four lamps, as for the gasfilled lamps which had been 
run on d.c. in the previous work. It was not clear, however, 
whether the better treatment would be, simply, reversal of 
the d.c. polarity, or an immediate change to an a.c. supply. 
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Therefore at B the lamps were divided into two pairs. One 
pair, run on a.c. from B onward, followed the course C,D,E. 
The other pair, placed on reversed d.c. at B, showed an 
initial rise in intensity to Cy, followed by a fall to Dj. This 
pair was then also placed on a.c. for the run D,F>, during 
which the intensity again rose. For both pairs, the lamp- 
currents throughout this treatment showed a trend con- 
sistently opposite in sign to that of the intensity. The final 
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Changes in light output (upper diagram) and lamp 
current (lower diagram) during the ageing, and sub- 
sequent recovery, of uniplanar-filament vacuum lamps at 
constant voltage. Broken lines relate to lamps run 
throughout on a.c. Full lines relate to lamps run 
steadily on d.c. of constant polarity from A to B, and 
then subjected to “recovery treatment,’’ as described in 
the text, from B to E; or Ey 


result was that for both pairs, the luminous intensity had 
recovered to nearly as high a value as it would have taken 
had the lamps been run throughout on a.c. The lamp 
currents also are seen to have returned to values quite close 
to the extrapolation of the a.c. ageing characteristic estab- 
lished by the measurements on the group of ten lamps. 

At this stage measurements were discontinued in order to 
conserve the lamps for their intended use as standards. 


DISCUSSION 


Of the ageing of the lamps on a.c. there is little to be said. 
By the reasoning followed previously,“ the rate of fall of 
0°32% per 100h, in luminous intensity, may be split very 
roughly into 0:2% due to decrease in current and power 
consumed, and 0:12% due to blackening of the bulb. 
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Of the d.c. ageing the striking feature is the lower rate o 
fall of current. It seems inconceivable that this could be due 
to any less rapid evaporation of the filament. The most 
direct conclusion is that it results from a more rapid fall in 
filament temperature on d.c. than on a.c., having regard to 
the temperature coefficient of the resistance of tungsten at the} 
filament-temperature. This, together with the greater rate of 
fall in luminous intensity, can best be accounted for by at 
greater rate of roughening of the surface-structure of the} 
filament. The resulting increase in total emissivity would} 
lower the temperature and also, a fortiori, the proportion of 
radiation emitted selectively in the visible spectrum. 

An emissivity-effect, it will be recalled, was found to occur 
in gasfilled lamps on d.c., and so is not unexpected. It ist 
surprising, however, to find it even greater in vacuum lamps 
at so much lower a temperature, the respective components § 
of the fall in light output in the two cases being 1-37% per| 
100 h and 2:18°% per 100 h. On the other hand, the present 
results for vacuum lamps show no evidence of any migration i 
of the material of the filament such as was found for gasfilled [ 
lamps on d.c. 

In gasfilled lamps, migration is no doubt facilitated by thes 
higher operating temperature and consequent greater 
mobility of tungsten over the filament-surface. Also, it may 
be accentuated by the effect of the gasfilling in partially 
confining the evaporating tungsten to a sheath closely) 
surrounding the filament. The same factors may explain the 
slower change in the emissive properties of the filament of af 
gasfilled lamp on d.c., for they could conceivably retard the } 
development of surface-asperities which must be the direct| 


) 
| 
- 


cause of this, and which seem to be provoked by operation 
on d.c. The coiled form of the filament in a gasfilled lamp i 
may also contribute to these subtler differences in behaviour ji 
between gasfilled and vacuum lamps. At least it may endow 
the gasfilled lamp initially with a spectral emissivity CUTVE 
nearer to that of a true grey body, and so with less room—se || 
to speak—for subsequent change in emissivity, due to any | 
cause whatever. 

Once again, for vacuum lamps as for gasfilled, the effects j 
of d.c. operation are seen to be largely reversible, so that | 
regular periodic reversal of the supply, when d.c. must be } 
used, should help to retain the low ageing rates characteristic 
of burning on a.c. For gasfilled lamps, regular reversal every 
two hours or less was shown to be certainly adequate for } 
this. The steepness of the effect on the vacuum lamps H 
resulting from the reversal of polarity at B (see figure) 
suggests that for these the reversals should preferably be at i 
shorter intervals than two hours. Reversal on each normal t 
occasion of use should again in practice be a convenient way |) 
of fully retaining the low a.c. rate of ageing while actually 
using the lamps on a d.c. supply. i 
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Summarized proceedings of a conference on electron microscopy—Bangor, September 1957 
By H. W. EMERTON 
See pages 306-312 


Fig. 3(a). A thin, stainless steel crystal showing electron 
optical interference fringes at the stacking faults, pro- 
duced by the splitting of dislocations into widely separated 
partial dislocations under the action of the thermal stresses 
produced by the fine focus electron beam ( x 40000) 


jig. 1. The type EM3 microscope (by Metropolitan-Vickers 


slectrical Co. Ltd.) adapted for reflexion work at an angle 
of beam deviation of 26-5° 


Fig. 3(b). The same area as in Fig. 3(a) after the partial 
dislocations have recombined. The stacking faults, and 


“ig. 2. Heating stage for the Elmiskop | electron hence the interference fringes, have been removed. The 

nicroscope (by Siemens and Halske), showing new slip trace bands are interpreted in terms of the interaction 

ybject carriage (a), high temperature object holder (6), of the moving dislocation with the oxide film on the 
and the two-pin plug rod insert (c) surfaces of the foil ( < 40000) 
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Fig. 4(a). A line grating containing Fig. 4(b). A line grating without a Fig. 4(c). “Parallel” moire pattern 
a dislocation dislocation and of slightly larger formed by superposing Figs. 4(a) 
spacing than Fig. 4(a) and (4) and illustrating appearance 


of dislocation in the moiré pattern 


Fig. 5. Moiré pattern from parallel gold and palladium 
crystals, showing indirect resolution of (220) planes. 
Spacing of pattern is 35 A approximately ( x 500000) 


100K 


Fig. 6. Direct resolution of (020) planes of molybdenum 
trioxide; the spacing of the planes is 6-93 A 
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Fig. 7. Carbon replica of a tin whisker (ribbon form) | 
which has its tip curled over (x 9000) 
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rig. 8. Carbon replica of a 
odium chloride —_ whisker 
shadowed 2:1 with gold- 
palladium. The edges of 
srowth layers can be clearly 
een on the sides of the 
central ridge ( x 9900) 


Fig. 9. Polygonal areas in continuous 
film of linear polyethylene Marlex 50 
( x 12.000) 
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«'’-Fe,,N> iron nitride precipitates formij 
in an open hearth steel ( « 10000) 


Fig. 10. Amorphous polyethylene terephthalate (undrawn Terylene) 
( x 15 000) 


Uli Ps 


Fig. 12. Adaxial leaf surface of a daffodil Biss 13% 


Carbon replica of spores of Bacillus macerans 
( x 8500) 
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The dependence of stress distribution on elastic constants 


By MARGERY CLUTTERBUCK, M.Sc., 


A.Inst.P.,* University College, London 


[Paper first received 30 September, 1957, and in final form 7 February, 1958] 


Experimental methods in stress analysis are becoming increasingly important in the design of 


engineering structures, particularly in the aircraft and associated industries. 


In this paper, the 


effect of the elastic constants on certain stress distributions is investigated using the photoelastic 


technique. 


Similarity in stress distributions is obtained by suitable adjustment of the loads 


with respect to the Young’s moduli of the materials from which the madels are made, but no 


such adjustment is possible to compensate for the differences in their Poisson’s ratios. 


The 


error introduced by this effect i is considered by reference to problems of a particular type, from 
which some general conclusions are drawn. 


the study of stress distribution in elastic plates has many 
nportant applications in engineering practice; such varia- 
ions as may be due to different values of the elastic constants 
re therefore of great interest, particularly in the use of 
hotoelasticity as a method of exploring practically the stress 
istribution in elastic plates and other models. 

The dependence of the stress distribution on the two 
onstants of elasticity for three-dimensional models has been 
hown in the theoretical solutions of the few problems which 
ave been considered. It follows from the fact that all 
sotropic elastic non-accelerating stress states are solutions 
f the equation in the displacement D given by 


grad div D + 2(1 — 2n)V7D = 0 (1) 


yhere 7 is Poisson’s ratio. 

For a given geometrical shape loaded in a given manner, 
ne stress in a model of a given material divided by some 
slevant nominal stress is a non-dimensional quantity. Since 
- involves the elastic constants, it must involve them in a 
on-dimensional manner, 
onstants E and G = E(1 + 7») this implies a function of 7 
nly. It does not follow that the difference in the stresses 
xpressed non-dimensionally for two different materials is a 
mction only of the difference of the Poisson’s ratio. The 
ependence of stress on 7 will also apply to two-dimensional 
tress systems, except in one particular case when the resultant 
yrce over each boundary vanishes separately and the 
oundary conditions only involve the stresses. It has been 
10wn theoretically that under these conditions for “plane 
rain” or “‘generalized plane stress” the stress distribution 
1 a body is independent of the constants of elasticity. When 
1e boundary displacements are specified, the boundary con- 
itions for the stress functions involve the elastic constants, 
nd the dependence of the stress distribution on the elastic 
mnstants will be much more complex. 

Problems of this type are very varied. Very simple general 
ynclusions are drawn concerning these later on. First the 
vo- and three-dimensional stress distributions produced by 
ated stresses or point loads. applied to the boundary were 
vestigated experimentally and theoretically. 


PREVIOUS WORK 


Few quantitative results are available from the theoretical 
msiderations of previous authors. Most important of these 
a result first due to Michell which is most adequately 
immarized by Muskhelishvili® who states that ‘“The same 
ress functions (and therefore the same stresses) will give 
e solution for the distribution of stress for bodies of 
fferent materials with different values of Poisson’s ratio 


* Now at the General Electric Co. Ltd., Stanmore, Middlesex. 
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if, and only if, the resultant vectors of the external forces 
applied to each boundary of the body separately are zero, 
then, and only then, the state of stress does not depend on 
the elastic constants.”’ Furthermore, a resultant force over 
any boundary can only exist in multiply-connected regions. 

The most powerful attempt to assess the effect of Poisson’s 
ratio on stresses in multiply-connected regions of this type 
was made by Filon.@) He showed that if the distribution of 
stress for a given material with modulus of elasticity Ey and 
Poisson’s ratio 9 under given boundary conditions is 
known, then the distribution for any other material of 
Poisson’s ratio 7; can be obtained by the addition of certain 
stress distributions obtained by what Volterra” has named 
“distortions” and for which Professor Love®) proposed the 
term “dislocations.” (The work by Filon can also be 
approached by the complex potential method, giving the 
same result.) 

Filon applied this method to finding the corrective terms 
which have to be added to the stress system observed in a 
ring, and his investigations showed that, in this case, the 
correction due to variation in the ratio of the elastic constants 
is very small. 

Another important result stated by Filon is that these 
corrective terms are proportional to the difference of the two 
values of Poisson’s ratio and to the force resultant, and are 
independent of the way in which the force is applied. The 
application of a dislocation is discussed later. 

Two conclusions can be noted from Bickley’s® results in 
his paper on the stresses around a circular hole in a plate 
under several different methods of application of the load to 
the boundary of the hole. The general effect of an increase 
in Poisson’s ratio is in the direction of diminishing the 
maximum stress intensities, and in considering those modes 
of loading on the hole which give a net resultant force, the 
terms dependent on Poisson’s ratio are the same. Bickley 
does not draw attention to this latter fact. It is possible to 
show that these terms are the same for any distributions of 
boundary stress with distributed or point loads. 

All the cases quoted by Bickley can be derived from a 
later and more general treatment by Stevenson,” with whose 
results there is complete agreement, and the general solution 
for any type of distributed load on the hole boundary has 
already been published. The theory as used by Stevenson 
involving complex potentials has been used“ to give a 
perfectly general theorem for dislocations as well as for 
exact values of stress for comparison between theory and 
experiment. 

There are very few complete solutions for general three- 
dimensional stress problems of practical significance. The 
most widely used solutions are those due to Neuber 
which involve infinite bodies with either internal cavities or 
external notches. The three-dimensional deep external 
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circumferential notch in an infinite cylinder loaded under 
pure tension is considered later. 


THEORETICAL CONSIDERATIONS 


Two dimensional 


Considering a specific case, the simplest multiply-connected 
region is the hole in the infinite plate. This corresponds to 
the practical case of rivets or bolt holes in large plates. The 
simplest form of loading is that due to a point load, which 
will tend to the case for real bolt or rivet loads except near 
to the contact areas. For this case, the errors involved in 
model tests are given by: 


eee PN 3 ©0580 


< 


TP rea (r2 — a*) 

Zh = PING ICOS.O 

Qa ee ay (2) 
> —P.Ayn.sin®@ 

r= le pha (r? =a?) 


where r, a, P and @ are defined by Fig. 1 and Ay is the 
difference in the Poisson’s ratio of the two specified materials. 
It can be seen from these equations that the maximum value 
of Arr and_AQ@@ occurs on the line 6: = 0° and the maximum 
value of Ar@ occurs on the line @ = 90°. 


Fig. 1. Loaded hole in an infinite plate 


The actual stress distribution due to a point load applied 
to the boundary of the hole in the plate was obtained in 
“closed form.’ These stresses are given by the following 
equations: 


+6 —2P(r.cos 8 — a) 


ey 


Values of the principal stresses and their differences due t 
the change in Poisson’s ratio are shown in Table 1. Thes 


Table 1. Two-dimensional theoretical investigation 


Principal stresses and their differences due to a change ir 
Poisson’s ratio 


rla rr Arr 60 A066 70 Arb 
10 —12 —0:30 +2 —0:30 +1:8 —0-37 
8 —16 —0:38 +3 —0:40 +2:-3 —0: 
6 —23 —0-50 +4 —0:53 +3:3 —0:52 
4 —42 —0:72 +9 —0°8 +5°-9 —0:72 
3 —80 —0:9 +15 —1:2 +9-1 —0-8& 
2 —160 —1-15 +30 —1-9 +16 —1-16 
1:5, —370 —1-:16 +54 —2:9 +20 —1-1 
1:25 —800 —0-88 +80 —4:0 +17:6 —0°8 
1-12 —1860 —0-:56 +100 —4:87 +11:-6 —0-5 
1:05 —5100 —0-23 +120 —5:64 +4:-8 —0-2 
10 — 0 +135 —6:12 0) 0. 


7, 06 and 76 are quoted in Ib/in.2 ° 
results demonstrate the rapid increase in the stress fr in th 
immediate vicinity of the load and the small differences in 
the principal stresses due to a change in Poisson’s rati 
of 0:12. 

Near to the load, the stress distribution is dependent o 
the contact conditions, and comparable results can only 
obtained by ensuring exact similarity of contact. If the loa 
is transmitted through an effectively rigid pin, the conta 
area varies inversely with the elastic modulus, and stresses? 
very near to the loaded surface can be obtained to a reasonabl 
degree of accuracy from model tests if the loads are in th 
proportion of the moduli, as shown in Fig. 2. 

This is in accordance with theoretical predictions by 
Hertz and others, that where two elastic regions of genera’ 
shape are pressed into contact, the local stresses are likely 
to depend on the two elastic constants of each of the two 
materials. 


Three-dimensional 
The stresses for a deep external circumferential hyperbolic 


P cos @ ) 


L (3 


a(r2 + a2 — 2ar cos @) © 


n). 


4y _ P[—2r> cos @ + 2a(r? + a?)r? cos 20 — 5a?r3 cos 8 — ar? cos 30 + 4ar4] 


2ar 


rr 00 


mr2(r2_ + a* — 2ar cos 0)? 


P[—4a + rcos 011 + 7)] 


Hn (3 — y)P(r? — 2a’) cos 6 


| 


4rr3 


r0 


> _ P[—r? sin 20(2ar? + 2a) + 5a*r3 sin 8 + a?r3 sin 36] 


3) 


4ar2 f 


2mr2(r2 + a — 2ar cos 8) 


_ 3 — P(r? — 2a2) sin 0 


Pr?(1 + 7) sin 8 


8ar3 


in which the 7 dependent terms are in agreement with those 
given in equations (2). 

The theoretical values of the principal stresses on line A 
with 6 = 0° and line B with 6 = 90° were calculated from 
equations (3) for 7 = 0-36 and a load of 40 Ib/in. thickness, 
so as to be directly comparable with experiment; the differ- 
ences in the principal stresses due to a change of 0-12 in thé 
value of Poisson’s ratio were also calculated from equation (2). 
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notch loaded under pure tension were calculated according 
to the solution of Neuber.(® 


The hyperbolic notch considered is given by curvilineat 
co-ordinates. 
x = Ksinhucosv | 
y= Kcoshusinvcosw | (4 
z= Kcoshusin2v sin w | 
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The plane of minimum cross-section is given by u = 0, 
tus for this plane, sinh uw = tanhu = 0 and coshu = 1. 
he notch boundary is given by » = vp and the x-axis by 
= 0, thus the limiting values of cosv are cos vg and 1. 
adius of the narrowest section is a; radius of curvature at 
le base of notch is p; Poisson’s ratio is 7. 


fe) cae 45 
3 [3 
500 é \ pe 
G00 aka ake 
i 
, | 
> cn 
; 3 ee eed 
31500 4 2 3 
5 % no 
; +)-1500 s a 
2500 | 
(a) (b) 


Fig. 2. Effect of change of Poisson’s ratio on the stresses 
around a loaded hole in a plate. (One loaded hole.) 
(a) Normal loading. (6) Equal strains 


x —- X = cold loading. e ---e = frozen stress. 


The stresses on the narrowest section P, O and R are 


i > 
Pte,) = ple cos v + C(—3 + 2n) cos v] + 
+ cosv(—A + B+ Ccos?v) 


ht 
1} Acosv 
Oo,) aa ee Bocosv + 
+ C(—2n)cosv| ¢ (5) 
1| —Acosv 
R(oy) Rp bs ze aie (1 — 2n) Cos | ao 


+ cos v(A — B — Ccos2 oye 


J 


here A = (1 — 2n)(1 + cos %)C; B= A — Ccos? v% 


a 1 + cos Vo 
Cc 
2 L1 + cos % . 27 + cos? U% 


nd h=cosv, tanv’g9 = /(a/p) and W = T/na?, T being 
1e load applied to the model. (P is the axial, Q the circum- 
srential and R the radial stress.) 

These equations show that the dependence on Poisson’s 
atio of the stresses P, O and R on the narrowest section of 
1e model is not linear. 

The values of the constants for the particular model that 
as examined experimentally were 


a = 0°25 in. y = 0-36 and 0-48 
p = 0-12 in. T = 50 1b 


iving the theoretical stresses P, O and R, and the differences 
. the stresses AP, AO and AR due to the change in Poisson’s 
itio of 0-12, shown in Table 2. They demonstrate that there 
a difference of less than 2° everywhere on the section for 
ie P and R stresses with an 8% difference on the circum- 
rential stress Q at the notch boundary, this difference 
screasing to zero at the centre of the model. 
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Table 2. -Three-dimensional theoretical investigation 


Principal stresses and their differences due to a change in 
Poisson's ratio 


rla ip AP a) AQ R AR 
0 437 +4 113 —10 0 0 
0-1 342 See 101 75 40 SR 
0-215 263 0 90 = 61 cm 
0-375 219 —2 81 8 69 0 
0-48 200 3 77 =i) 71 sia 
0-63 184 —=3 74 I 71-4 +0°-4 
1-0 171 sa) 71 0 71 0 


P, Q and R are quoted in Ib/in.? 


The values of the stress differences (P — Q) and (P — R) 
were also calculated and the largest variation of stress 
difference was 44°% in values of (P — Q). These differences 
are compared with experimental values in Table 4. 


METHODS OF MEASUREMENT 


Two-dimensional models 


The two-dimensional models considered were plates of 
various widths made of glass and Araldite type B. They 
were loaded by a pin through a hole in the plate in which 
the resultant force on the hole boundary is-not zero, and the 
stress distribution across any section is dependent on the 
value of Poisson’s ratio. The Araldite models were loaded at 
room temperature when the Poisson’s ratio of the material 
is 0-36 and secondly they were subjected to a heat cycle 
during which the stresses were “frozen” into the model,“ 
the Poisson’s ratio of the material at the elevated temperature 
being 0:48; the Poisson’s ratio for glass is 0-25. 

The models were examined in the normal polariscope, 
sketches being made of the isoclinic and isochromatic fringes 
in plane and circularly polarized light; fractional fringe 
measurements were made on some sections of the models 
using the Sénarmont method. 

As it was impossible to estimate visually the number of 
fringes under the loading pin in some cases, a special form 
of measurement was used. The projection lens and screen 
of the normal polariscope were replaced by a travelling ~ 
microscope, the collecting lens being positioned so as to 
produce an enlarged image, suitably placed for the objective 
of the miscoscope. The number of fringes under the load 
and their distance apart could then be measured very 
accurately. 


Three-dimensional model 


The three-dimensional model was a cylinder of Araldite 
type B with a symmetrically placed hyperbolic groove. It 
was first loaded under compression at room temperature 
and examined in the scattered light apparatus, values 
being obtained of the principal stress differences across the 
diameter of the narrowest section. The same model was 
then loaded under a compressive load at an elevated tempera- 
ture, so that the stresses were “frozen” into the model. It 
was examined in the scattered light apparatus as for the cold- 
loaded model, and similar measurements of principal stress 
differences recorded. 

The models were set up as shown in Fig. 3 in order that 
maximum intensity of the scattered light fringes could be 
obtained, the measurements being made in the normal 
manner using a uniform field compensator and travelling 
microscope. 
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A more complete comparison of the experimental and 
theoretical results was obtained by the calculation of the 
separate stresses in the frozen stress three-dimensional model, 
employing the usual slicing technique!) and viewing the 
slices of the model in the normal polariscope. 


Y 


direction 
of vibration 
direction of 
light 


z 


direction 
LS direction of of viewing 
direction light 
S 7 
viewing 


™ <direction of (b) 
~ vibration 
(a) \ 


Fig. 3. 
(a) Frozen-stressed model. 


The three-dimensional model 
(b) Cold-loaded model. 


SEPARATING THE STRESSES IN THE 
TWO-DIMENSIONAL MODELS 


The Lamé—Maxwell equations 


These equations were used for separating the stresses along 
a line of symmetry—that for integration along a p line being 
equation 
dP/ds = — (P — O)/p, 


where s is the increment along the p line, and p, the radius 
of curvature of the transverse q line of stress. 


The shear difference method 


This method was used for separating the stresses along any 
line other than a line of symmetry. 


The normal stress o,, is calculated from 
d0,/dx = — 87,,/dy 


where 67,, is the change in shear stress in the y-direction. 
If both (P — Q) and o, are known, P and Q can be found. 


TWO-DIMENSIONAL INVESTIGATION 
Dislocation stresses 


Before considering the experimental work, the practical 
application of dislocation stresses in transferring states of 
stress from one material to another was investigated. 

It has been shown) that for any stress (normal or shear) 
at any point in a given geometric shape subjected to given 
boundary stress conditions, the following conditions apply: 


[Smetgl Voda aa] [Omodellioad a5 | oroderlaeeaion (6) 


where for any load there is unique dislocation of a particular 
type and magnitude. 

Dislocations are defined as states of stress arising from 
continuous strains but from discontinuous displacements. 
These can happen in only two ways as illustrated in Fig. 4. 
The multiply-connected region bounded outside by the 
contour L and inside by the contours L,...L,, can have 
dislocations arising from each of the interior contours 
L, —L,,. Considering L,, let a cut, not necessarily straight, 
have two faces CDE and C!'D'E! which are coincident in the 
unstrained state. Dislocations are such that curve CDE is 
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moved as a rigid body relative to C'D'E! and there are tw 
possibilities, the angles between the two faces are preserved 
as in Fig. 4(b), or the edges suffer relative rotation as in (c) 
The dislocation required for this “‘stress correction”’ is tha 
of pure translation. The dislocation is. defined from th 
vector displacement of each point D by the quantities 


a + ix, = paD for a complete path enclosing the contou 


L, in an anti-clockwise direction. It is therefore the displace- 
ment of the face C'D'E! minus the displacement of face 
CDE and in Figs. 4(b) and (c) both a, and «2 are negative, 
a, and a, being the x and y components of this dislocation. 


—— 


Fig. 4. Dislocation stresses 


It is envisaged that material is removed or added where | 
necessary and the whole body becomes homogeneous after 
the dislocation. In practice, this is not necessary if we: 
appeal to St. Venant’s principle, so long as moments and 
forces are applied at the cut corresponding to the appropriate | 
dislocation. 


The magnitude of this dislocation is given by: 


cSt vi ed) a i[(X iy iY) ES acer Qeeiar us Neodet) (7) 


where X and Y are the resolutes of the force resultant per 
unit thickness acting on the contour L,, independent of the 
shape of L; and of the way in which the force is applied. 


Thus 
aia (Y{Emodel) X Ay and ay — (X/Emodel) X Ay (8) 
As an example, a lifting bolt was given a load of 30 Ib in an 
Araldite model + in. thick; with normal Cartesian co-ordinates 
X= 0,.Y =—1201bin: 
a = [120/(5 x 10°)]-29 — 0-36) = — 1-7 x 1075 


Such a dislocation is too small to measure, so in practice it 
is preferable to obtain a suitable dislocation, measure it 
and apply the information obtained to the problem. Fig. 5 
shows a reasonably successfully translation, a separation of 
a vertical cut by an amount 0:062 in. Thus the stress from 
Fig. 5 at any point must be divided by a factor 


—0-062/(—1-7 x.10->) 
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e. 4000 and added to the stress obtained from the first 
raldite model. It should be noted how small such additions 
ould be, in this case, 0:025°% of the stresses at any point 
f the model. 

The separation in Fig. 5 was achieved by forces and 
1oments applied to brass strips riveted to the Araldite. 
wing to pin yield and other causes, the true dislocation to 
hich the stresses in Fig. 5 correspond may differ from 
062 in. by an error which may be as large as 10°%. 


Fig. 5. 


Dislocation stresses in a lifting bolt 


In order to apply St. Venant’s principle in this work—that 
he stresses produced differ from those for the dislocation 
nvisaged in the theory, only in the neighbourhood of the 
ut—it is essential to remove the cut as far as possible from 
ne points of interest. 


xperimental work 


In order to establish the accuracy with which measurements 
ould be made on two-dimensional models, a test was made 
n a tension bar with a symmetrically placed hole, both 
nder cold-loaded and frozen-stressed conditions. The 
ssults are shown diagrammatically in Fig. 6 for the principal 
tress difference along the extended diameter of the unloaded 
ole, perpendicular to the line of loading. The actual 
ifferences for the maximum values of stress difference in 
1e regions of highest stress are, for the two types of loading, 
f the order of 3%, representing an error of 45 Ib/in.?; the 
ifferences for the remainder are less than 4%. 

These are all within the limits of experimental error, 
stimated from observations taken for the calibration of the 
waterial, the loads applied to the model, and the direct 
olariscope and linear measurements. Moreover, it is not 
ossible to improve the accuracy of such observations using 
1e existing photoelastic methods and materials. 

As the tests on the other two-dimensional models are of a 
milar nature the errors of observation may be expected to 
e similar to those encountered in this model. 

(a) One loaded hole in an Araldite plate. The first two- 
imensional model to be investigated for the Poisson’s ratio 
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effect was a jin. thick plate loaded by a }in. diameter pin 
through a symmetrically placed +in. diameter hole in the 
plate. Initially a steel loading pin was used, but as the 
contact area was small and the stress concentration im- 
mediately under the pin excessive, an Araldite loading pin 
with a steel core was used in all the remaining experimental 
work. The plate was examined in the polariscope both when 
cold loaded and after it had been subjected to a frozen stress 
cycle. 

A second pair of plates, with a load per unit thickness 
proportional to the Young’s moduli of the cold-loaded and 
frozen-stressed Araldite (ensuring approximately equal area 
of contact between the pin and the hole boundary) were also 
examined. 

The results of subsequent measurements and calculations 
on these plates are shown in Figs. 2(a) and (b). The very 
large differences in the stresses immediately below the load 
shown in Fig. 2(a) are modified considerably in Fig. 2(b), 
although the differences decrease rapidly away from the 
boundary of the hole in both cases. (It should be stated 
that a further error is introduced to those already considered 
when line integrations are made for the principal stresses.) 
Similarly, the difference in boundary stresses around the 
loaded hole is generally small, and within the limits of 
experimental error except in the immediate vicinity of the 
load. 

The conclusions which can be drawn from these investiga- 
tions is that, in the first plate examined, the loading conditions 
influence the state of stress between the pin and the plate, 
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fe) 
fe) 


Stress difference (Ib/in2) 


500 
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" 0-25 0-5 ! 
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Fig. 6. Unloaded hole in a tension bar. 
difference along A—A’ 
x — x = cold loading. 


Principal stress 


© --- © = frozen stress. 


as well as the effects due to changes in Poisson’s ratio. One 
of these effects, namely the contact area between the pin and 
the plate, is reduced considerably in the stress investigation 
of the second pair of plates, although the difference in contact 
conditions is not entirely eliminated. It is inevitable that 
there will be certain differences in the tangential forces due 
to friction between the pin and the hole, since changes in 
temperature in the frozen stress method will produce a 
certain amount of relative contraction between the pin and 
the plate. The results of these effects would be to produce 
differences of the type observed in the normal and tangential 
stresses directly under the pin. 
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No differences in the principal stresses on the sections 
examined were observed which could be attributed to the 
different values of Poisson’s ratio. 

(b) Three horizontal and three vertical holes in an Araldite 
plate. Real problems are likely to have more than one 
loaded boundary. The possibility that errors due to a 
difference in Poisson’s ratio might be additive was investigated 
using plates with multiple-loaded holes. Two similar plates 
with three symmetrically placed holes, the centres of which 
were either on a line perpendicular to the line of loading or 
on the line of loading, were examined, the same load being 
applied to each hole. 

The results of these investigations followed the same 
pattern as for the first one-loaded hole plate of the previous 
section. The differences in boundary stresses around the 
loaded holes and along the line of symmetry are again within 
the limits of experimental error except in the immediate 
vicinity of the load, where differences due to different contact 
conditions inevitably occur. There was no evidence of a 
measurable difference in stress distribution due to a change 
in value of Poisson’s ratio, or of an additive effect attributable 
to the latter in the case of multiply-loaded holes. 

(c) The round-ended bar. A further engineering practical 
shape is the lug. This was the last type of two-dimensional 
model to be investigated, the round-ended bar being loaded 
first by a small pin and then by a fitting pin through a hole 
in the bar, the latter being concentric with the round end 
of the bar, and of diameter one-third the width of the bar. 

The results, calculated from the measurements made on 
these models for the principal stresses on the line of symmetry 
and under the load, are shown in Figs. 7(a, b). The trend of 
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Fig. 7. Effect of change of Poisson’s ratio on the stresses 


around a loaded hole in a plate. (Round-ended bars.) 


Principal stresses on the line of symmetry. (a) Small 
loading pin. (6) Large loading pin 
x — x = cold loading. e --- e = frozen stress. 


these results is very similar to those for the preceding models 
and it can be concluded that the contact area between the 
pin and the plate is again the important factor. Away from 
this area, the differences between the principal stresses of the 
cold-loaded and frozen-stressed models are within the limits 
of experimental error, and no differences were observed 
which could be attributed to the change in the value of 
Poisson’s ratio. 


Comparison of the theoretical and experimental results 


The theoretical calculations made for the two-dimensional 
plate give directly the principal stresses on certain sections, 
whilst the measurements made on the experimental plates 
were of the principal stress differences and directions, line 
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integrations being necessary to find the principal stresses 
As errors are likely to occur in the latter, consideration i 
first given to the values of principal stress differences, and 
secondly, to the principal stresses. 

A separate table of such values of principal stress differen Hy 
for the one-loaded hole models and for the theoretical result 
for the point load on an infinite plate are given in Table 3 


Table 3. The two-dimensional models 


Comparison of the theoretical and experimental results. 
Principal stress differences on the line of symmetry 


Theoretical results Unequal strains Equal strains 


Cold Frozen Cold Frozen Cold Frozen 

rla loading stress loading stress loading stress 
10 —14 —15 —42 —40 =36 —44 

8 19 —20 —17' —7 S15 1G 

6 =27 —28 —21 —16 ae 20 

4 == ill 33 —52 —35 —42 —41 

2 —190 —193 —185 —180. 175 —=174 
1:75 —280 —284 255. =, —250)* = 250-2 | 
1:5 —424 —428 —386 —380.. —372 —352% 
1-25 880 —885  -670 660 —T710  —633} 
1:12 —1960 —1965 —1225 —925 —1150 —100C 
1:0 1900 —910 —1313 


Principal stress differences are quoted in Ib/in.2 


In comparing these values, the differences, both from plate+ 
to-plate and from cold loading to frozen stress, are withi 
the limits of experimental error up to + in. from the boundary 
of the loaded hole on the actual model. Between this point 
and the boundary of the loaded hole, the theoretical valued 
of the principal stress difference increase markedly over the 
experimental value, a result due directly to the method o! 
loading which has been adopted in the theoretical calcula~ 
tions. The theoretical and experimental results for the 
principal stresses show the same trend as for the principa# 
stress differences. 

Although the measurements quoted from the dislocatior 
work were obtained on a different type of two-dimensiona'} 
model, the order of the differences in the stresses due to 2) 
change in Poisson’s ratio was also very small. 


THE THREE-DIMENSIONAL INVESTIGATION 


The three-dimensional model was a cylinder with a sym-} 
metrically placed hyperbolic groove, the model being made} 
from Araldite B. A little finely divided silica was added tol 
the Araldite to improve the light scattering properties of the| 
latter. The same model was cold-loaded and examined in} 
the scattered light apparatus, placed under a frozen stress| 
cycle and then re-examined, both in its entirety and when| 
sliced, in the scattered light apparatus and normal polariscope 
(see Fig. 3). 

The same measurements were taken on the model for both! 
types of loading and gave values of the stress differences| 
(P — Q) and (P — R) where P is the axial stress, Q the 
circumferential stress and R the radial stress on the section 
of minimum area. These stress differences, calculated from 
a load of 50 Ib are given in Fig. 8. 

Considering first the experimental error of this type of 
measurement, it is impossible to measure the position of the 
black zero fringe very Close to the entry of the beam of light 
into the model; the tangent to the graph at the origin of 
such a series of scattered light observations, and thus the 
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tress differences represented by this tangent, is therefore 
able to a large error. This is estimated to be of the order 
f 30 lb/in.? for the maximum stress difference at the boundary 
1 both the cold-loaded and frozen-stressed models, or an 
rror of 150 in the scale used in Fig. 8. 


extrapolation of (P-R} 
a to notch boundary 


(2-R) cold loading 


(PR) frozen stress 


) 
éold loading 


0:25 O's 
r/a 


Fig. 8. Deep external hyperbolic notch. Scattered 


light measurements 


| Thus an examination of the values of the stress differences 
2 — Q) and (P — R) obtained in the two models divided 
y the minimum area of cross-section and illustrated in 
‘ig. 8 shows that any variations are of the same order as 
ie possible errors of observation. (It should be pointed 
it that the stress differences (P — R) can, however, only 
> compared in the central region over which measurements 
ere possible. Measurements for values of (P — R) cannot 
> made very near to the boundary and thus the extra- 
ylations of the (P — R) curves to the boundary are 
ireliable, the value of (P — R) increasing rapidly in this 
gion.) 

It must therefore be concluded that any effect due to the 
jhange in Poisson’s ratio is of an order not greater than 
"at of the errors of observation, that is, about 7%. 

| Further results were obtained as to the principal stresses 
la the plane of minimum cross-section for the frozen stress 
odel, but these are not given here as they can only be 
pmpared with the theoretical result. 

} 
i omparison of the theoretical and experimental results 
Comparisons can be made between the principal stress 
‘ferences (P — Q) and (P — R), the values of the former 
jsing given in Table 4. 

i Considering first the theoretical values, there is little 
/fference between the two sets of figures calculated for the 
‘ilues of Poisson’s ratio which are appropriate to the two 
‘pes of loading used on the Araldite models in the experi- 
jental work. Such a difference as does exist is a maximum 
/ the notch boundary, and is of a magnitude less than the 
yssible experimental error. Such differences would thus be 
‘ypossible to measure. 
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The dependence of stress distribution on elastic constants 


Table 4. The three-dimensional model 


Comparison of the theoretical and experimental results. 
Principal stress differences (P — Q) 


Theoretical results Experimental results 


Cold loading Frozen stress Cold loading Frozen stress 
rla 1 = 0-36 n = 0:48 
0 eo) —310 —340 Rete: 
0-08 —260 aa DAT tas =a 
0-16 — 208 —200 Sa Ng sak) 
0:24 169 e162 —144 LOZ 
0-31 = 190 —144 aa PASS —147 
0:39 vega WS) ZOO aOR S130 
0-55 —114 Slt aalds —120 
0:7 —106 —106 Sho —114 
0:86 —103 —104 —108 —108 
1-0 —100 —103 =1 07, —105 


Principal stress differences are quoted in Ib/in.2 


' CONCLUSIONS 


The main conclusion which can be drawn from this work 
is that differences in experimentally determined stress dis- 
tributions due to Poisson’s ratio effects are less than the 
errors which would be introduced by other factors. 

A further conclusion is that the complete transfer of stress, 
from the photoelastic two-dimensional models considered to 
the metal prototype, is possible if the loading conditions are 
accurately reproduced. If this type of loading is impractical, 
then the results obtained from the model can be transferred 
to the prototype, except in the immediate vicinity of the 
point of application of the load. 
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Pulse-annealing technique for metals and alloys 


By P. Wricut, Ph.D., F.Inst.P., and K. THomas, B.Sc., Grad.Inst.P.,* University College of North Wales, | 
Bangor, Caerns. : 


[Paper received 11 December, 1957] 


An account is given of some improvements in the technique of pulse-annealing. Procedures for 

sharpening up the pulsing and quenching processes, and for accurately controlling the annealing 

temperature, are described. Some experimental results on Cu;Au are given to illustrate th 
special uses of the pulse-annealing method. 


1. INTRODUCTION 


In the pulse-annealing method, a small solid specimen is 
rapidly heated to a predetermined temperature, annealed, 
and then quenched to a fixed temperature at which some 
physical property may be conveniently measured. Provided 
the lattice configurations corresponding to different annealing 
temperatures are retained during quenching, variations in 
the property due to changes in configuration can be studied 
in the absence of relatively large variations due to temperature. 
The advantages of this method in the study of relaxation 
processes have been discussed in detail by Parkins, Dienes 


and Brown,“) who also developed a technique suitable for ° 


materials which can be heated directly by an electric current. 
Dienes) employed the pulse-annealing method to investi- 
gate the kinetics of ordering in the alloy AuCu, using electrical 
resistivity as an indicator. The conclusion reached by 
Bowen,) who analysed Dienes’ results, was that the data 
were not sufficiently accurate to determine the kinetics of the 
transformation. 

In developing a more precise method, the present writers 
have found it necessary to sharpen up the pulsing and 
quenching processes, and also to devise a means of accurately 
re-establishing and maintaining the required annealing 
temperature. The apparatus and techniques to be described 
are suitable for observing resistivity changes in metals. 


2. APPARATUS 


2.1 Specimen holder. A general view, with glass bell-jar 
enclosure removed, is given in Fig. |. The specimen, a 
wire 1 mm in diameter and 6 cm long, is flattened near its 
ends and clamped between two copper blocks. The blocks 
are bolted to sheets of copper, and water-cooling pipes soft- 
soldered to the sheets serve both as supports and current 
leads. The pipes pass through a Perspex base-plate via brass 
bushes to which they are silver-soldered. Connexion to a 
vacuum system is made by a pipe passing through the base, 
the pipe terminating close to the middle part of the specimen. 

2.2 Thermocouples.  Platinum/platinum:13°% rhodium 
thermocouples, s.w.g. 44, are spot-welded to the specimen as 
indicated in Fig. 2(a). Three platinum wires on one side of 
the specimen serve as potential! tappings for resistance measure- 
ment, and, with the platinum: 13% rhodium wires opposite 
to them, they form three thermojunctions for measuring the 
temperature of the intermediate metal. The brass bolts 
[Fig. 2(b)] through which the fine wires leave the base are 
designed to minimize stray thermo-electromotive forces. 

It is desirable to have the thermocouple wires diametrically 
opposite on the specimen wire, and essential to avoid 
damaging the specimen in the process of spot-welding. 
Both objects may be accomplished by using an ordinary 


* Now at the National Physical Laboratory, Teddington, 
Middlesex. 
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spot-welder with suitably designed electrodes, provided thé 


welding current is reduced to the necessary minimum. As 
lower electrode, a grooved copper plate will preserve wire: 


Fig. 1. Specimen holder 
Ac BEG 
ia iy Pt wires 
Wee 


+—— Rh: Pt wires 


(9) 


«———_ porcelain sleeve 


sis 


washer ———” & 


soft solder Bie 


+—— Perspex base 


~<——— brass. bolt 


«—— thermocouple wire 44 swg : 


(b) 
Fig. 2. (a) Specimen with thermocouples attached 
(5) Brass bolt carrying thermocouple wire througl 
base 
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ttached to one side of the specimen whilst wires are welded 
o the opposite side. 

2.3 Electrical circuits. The specimen S is heated by 
urrent from a step-down transformer T (Fig. 3), rapid 
ulsing being produced by short-circuiting a resistance R, in 
he transformer primary circuit. Control of the annealing 
2mperature is effected by balancing the electromotive force 
tom one of the specimen thermocouples against a preset 
teady potential difference provided by a potential divider D; 
he out-of-balance potential difference due to temperature 
ariation in the specimen is applied to a thermo-regulator 
vhich appropriately re-adjusts the heating current. A 
etailed account of the regulator has been given by Wright; 


Pulsing, measuring and thermo-regulator- 
circuits 


fe hip <3. 


‘A, milliameter; B, plug-board; C, vacuum thermocouple; 

CVT, constant voltage transformer; D, potential divider; 
Gi, thermo-regulator galyanometer; G2, vacuum thermo- 
| couple galvanometer; K,, change over key; K2, K3, shorting 
keys; L, part-saturated choke; P, Cambridge vernier potentio- 
meter; R,, Ro, resistances for adjustment of heating currents; 
_S, specimen; TJ, step-down transformer; V, phase-controlled 
fs thyratron. 


le circuit diagram is reproduced on the left-hand side of 
ig. 3. The out-of-balance potential difference is applied to 
-galvanometer, the mirror of which reflects the image of a 
imp filament on the cathode of a photocell. The amount of 
ght falling on the cell determines the anode current in a 
hase-controlled thyratron. The anode load includes many 
irns on the centre limb of a partly saturated choke in series 
‘ith the primary of the transformer T; thus by varying the 
iductance of the choke, a small anode current can control 
heavy current through the specimen. The feedback reacts 
) rapidly on the temperature of the specimen that electrical 
r mechanical disturbances of the galvanometer cannot be 
ylerated; it may be found necessary to provide electrical 
sreening and an anti-vibration support. A base for the 
alvanometer which can be rotated by a worm and pinion 
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greatly facilitates the “‘zero adjustment” of the light falling 
upon the photocell. 

A Cambridge vernier potentiometer P, with a d’Arsonval 
galvanometer (deflexion 175mm/uA at 1m), is used for 
measuring the temperature and resistivity of the specimen. 
The potentiometer is graduated in microvolts and the 
galvanometer gives a deflexion of 5mm/uV; with certain 
precautions (see Section 3.3), measurements can thus be 
made to 0-2 uV. Resistivity observations are carried out 
at two or more temperatures near room temperature and the 
resistivity at a reference temperature, say 20° C, found by 
extrapolation. The steady current which produces the 
potential differences to be measured, across the specimen and 
a series standard resistance, also serves to heat the specimen 
to the required temperature. If a 200 ampere-hour, 2 V, 
accumulator is used to supply the current, the temperature 
of the specimen in a vacuum reaches a maximum value in 
about +h, and variations in temperature whilst making 
resistance measurements rarely exceed 0:2° C. 

For convenience and rapidity in the processes of pulsing, 
quenching, temperature and resistance measurement, copper 
wires from the thermocouple cold junctions, together with 
leads from potentiometers and thermostat, are all brought 
to a plug-board (B, Fig. 3). Here the wires are soft-soldered 
to terminal strips of copper on an insulating base. 

2.4 Vacuum system. Annealing operations and resistivity 
measurements are conducted with the specimen in a vacuum. 
An oil diffusion pump, with charcoal trap, backed by a 
rotary pump is used to evacuate the bell-jar. Nitrogen is 
stored at atmospheric pressure in a large reservoir connected 
to the vacuum system near the bell-jar; an additional rotary 
pump is useful for removing nitrogen from the system after 
quenching. 


3. EXPERIMENTAL PROCEDURE 


3.1 Preliminary operations. To avoid straining the speci- 
men when it expands, the flattened parts at the ends are 
given one or more “V” bends [Fig. 2(q@)]. As this may 
produce appreciable local increases in resistivity, the specimen 
should be cautiously annealed in position at moderate tem- 
peratures before attempting any high temperature pulses. 
The settings of the Variac V and resistances R, and R, (Fig. 3), 
for a given annealing temperature are first found by trial. 
The key K, is then changed over and the current in the 
primary circuit of the transformer T measured by the vacuum 
thermocouple C. The heating current may then be preset 
for subsequent annealing at the same temperature without 
actually passing current through the specimen. The current 
settings are not highly critical since the final adjustment is 
made automatically by the thermo-regulator. Temperature 
gradients along the part of the specimen between the thermo- 
couples can be eliminated, within the limits of accuracy of the 
thermocouple measurement of temperature (see Section 3.3), 
by a process of trial and error in which tests are made with the 
vital part in slightly different positions relative to the clamps. 

3.2 Pulsing, annealing and quenching. Ideally, the tem- 
perature-time relation for a pulse-anneal has the form of a 
‘square-wave’; the annealing periods are then additive and 
isothermals can be derived for kinetic analysis. Though, in 
practice, the pulsing and quenching periods are finite, it is 
necessary and sufficient only that they should be short 
compared with the relaxation period of the changes in the 
property under investigation. Further, it is often the case 
that, during pulsing and quenching, the specimen spends 
only a fraction of the time at temperatures high enough to 
produce changes in the property. 
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Quenching is performed by switching off the heating 
current and simultaneously opening a tap between the 
nitrogen reservoir and the (evacuated) bell-jar. The jet of 
nitrogen directed on the specimen appreciably accelerates 
the quench and a specimen can be cooled by this means from 
500° C to room temperature in a few seconds. 

The pulsing process will now be described. The settings 
of the Variac and resistances in the primary of the heating 
circuit are first adjusted for the required annealing temperature 
as already explained above (Section 3.2). The rheostat R 
is then short-circuited; the value of R, is chosen so that the 
pulsing current will be roughly twice the annealing; current. 
A measured balancing potential difference from the potential 
divider, corresponding to the annealing temperature, is then 
applied to one of the end thermocouples on the specimen, 
with the thermostat galvanometer, its terminals  short- 
circuited, in series. The centre thermocouple is connected 
to the vernier potentiometer, the dials of the latter being set 
for the annealing temperature; a universal shunt is used 
across the potentiometer galvanometer to reduce its sen- 
sitivity and produce a full-scale deflexion. When the key Kk, 
is thrown over, the galvanometer deflexion falls sharply 
towards the zero as the specimen temperature rises. As the 
deflexion approaches zero, the heating current is reduced by 
opening the key K, and the thermostat is placed in control 
by opening its galvanometer key K3. The temperature of the 
specimen may now be followed accurately by adjusting the 
universal shunt for greater sensitivity. The thermostat 
quickly stabilizes the temperature at the preset value and 
variations exceeding 0-2° C during an anneal can be avoided 
by occasional re-adjustment of the potential divider. With 
a Cu;3Au alloy wire of the form shown in Fig. 2(a), the tem- 
perature is raised from room temperature to 500° C in about 
4+min. Attempts to shorten the pulse by using heavier 
heating currents tend to be frustrated by intense local heating 
of the specimen or instability of the thermostatic control. A 
faster pulse can be achieved with a short specimen, but tests 
with a number of different specimens showed that one of 
the form chosen affords the best compromise between the 
various conflicting requirements. If, during a pulsing or 
quenching process the property under investigation undergoes 
any change, a cumulative error is involved in determining 
the isothermal. The error can be restricted to that incurred 
in a single pulse-annealing process by carrying out a series 
of pulse-anneals, each longer than its predecessor, starting 
each time with the specimen in the same initial state. 

3.3 Resistivity and temperature measurement. A_ resis- 
tance of 400 uQ (3 mm of Cu3Au wire) can be measured to 
1/1000 if a suitable measuring procedure is used to eliminate 
the effects of spurious thermal electromotive forces. The 
errors arising from constant electromotive forces due to 
temperature gradient along the specimen, contacts in leads 
to potentiometer, etc., can be eliminated in the usual manner 
by reversing the current through the specimen. By measuring 
in turn the resistances between A and B, B and C, A and C 
[Fig. 2(a)], the error (of the order of 1V in the present case) 
due to the potentiometer itself may be determined and 
allowed for. 

Temperature measurement during annealing presents no 
difficulty since the heating current through the specimen is 
alternating. When the resistivity of the specimen is being 
measured, however, the direct current produces a potential 
difference between thermocouple contacts if the latter are 
not diametrically opposite. Here again the errors, in this 
case in determining the true electromotive force of the 
thermocouple, can be eliminated by reversals. With such 
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precautions, relative values of temperature may be dete 
mined to 0:2°C. For the absolute measurement of te 
perature the authors cannot improve on the maker’s cal 
bration tables©); the uncertainty is about +1° C at 1000° 


4, RESULTS 


The relation between measurements made by the puls 
annealing method and those made at the annealing te 
perature is illustrated by Fig. 4. In Fig. 4(a), the quenche) 
resistivity at 20° C of a Cu;Au wire, in which the equilibriu 
degree of order has been established by pulse-annealing, i 
plotted against the annealing temperature. The correspondin 
curve which would have been obtained by making resistivit 
measurements at the annealing temperature is constructe: 
from curve (a) by using the measured temperature coefficients 
The resulting equilibrium curve (b) which has the well-know 
form associated with this alloy, tends to obscure finer detai 
such as the small rise in resistivity as the critical temperatur: 
(approximately 380°C) is approached from higher tem 
peratures. 
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Curve (a) Resistivity at 20°C 
measured after pulse-annealing. 


mals, resistivity a‘ 
20° C, p29, versus 
time, for Cu,At 


Curve (5) Resistivity ‘‘at tempera- initially disorderec 
ture” calculated from curve (a) at 390°C anc 
using observed temperature co- 
ficients. pulse-annealed a' 
the temperature: 
indicated 


The isothermals shown in Fig. 5, of quenched resistivit; 
at 20°C versus time, were obtained by pulse-annealing th 
Cu;Au wire at the temperatures indicated. In each case th 
alloy was initially in an equilibrium disordered state produce 
by annealing at 390° C and quenching to room temperature 
Owing to the short relaxation period of the ordering trans 
formation it was necessary to return the alloy to the dis 
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rdered state at 390° C before each annealing pulse. Curves 
f similar form, but with less pronounced peaks, have been 
btained by Burns and Quimby by measuring the resis- 
ivity of Cu3Au at the annealing temperature. They attribute 
he rise in resistivity during the first few minutes of the 
nneal to the formation of antiphase nuclei. 

The authors have used the pulse-annealing apparatus to 
avestigate the influence of vacancy migration on ordering 
a the alloy Cu;Au. It will be seen from the equilibrium 
urves (Fig. 4) that under ordinary conditions long-range 
rdering ceases at about 250°C. The authors found, how- 
ver, that if the alloy is quenched from temperatures above 
he critical value, the vacancy concentration in the quenched 
lloy is sufficient to induce ordering at temperatures as low 
s 100°C. From this it was concluded that the nitrogen 
uench is rapid enough to trap vacancies considerably in 
xcess of the equilibrium concentration. 


_ Pulse-annealing technique for metals and alloys 
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A constant liquid flow device 


By G. H. Laycock, B.Sc., A.Inst.P.,* Imperial Chemical Industries Ltd., Nobel Division, Stevenston, Ayrshire 


_ [Paper first received 16 December, 1957, and in final form 20 February, 1958] 


The theoretical design is given for a device, which passes a constant liquid-flow irrespective of 

wide viscosity variations, consisting of an orifice in series with a capillary restrictor. A device 

based on this design is described and experimental results showing that a constant flow is 

obtained are quoted. An alternative means of rendering the flow automatically independent 
of viscosity is suggested. 


LIST OF SYMBOLS 


_W = flow in g/min 
p = density of liquid in g/cm? 
C = orifice discharge coefficient 
D, = diameter of bore of tube containing the orifice in cm 
D, = diameter of orifice in cm 
P = pressure drop across the unit in g/cm? 
P, = pressure drop across the orifice in g/cm? 
P, = pressure drop across the capillary tube in g/cm? 
R = Reynolds’s number 
7 = liquid viscosity in cP 
n = number of capillary tubes in parallel 
1 = length of each capillary tube in cm 
a = internal diameter of capillary tube in cm 


INTRODUCTION 


. liquid flowing through a sharp-edged orifice within a 
ertain range of Reynolds numbers will increase in flow 
ate with increased viscosity if the pressure drop is constant, 
r alternatively, for a constant flow rate through the orifice, 
decreased pressure drop is obtained with increased viscosity. 
A liquid flowing under laminar flow conditions in a 
apillary tube will, however, decrease flow rate with increased 
iscosity at constant pressure drop or alternatively, at 
onstant flow rate, increase pressure drop with increased 
iscosity. 

A unit can therefore be designed consisting of an orifice 
1 series with a multiplicity of capillary tubes, such that a 
onstant flow rate of liquid will pass through the unit for a 
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constant pressure drop across it, irrespective of wide variations: 
in the viscosity of the liquid. 
Poiseulle’s formula for laminar flow of liquids in long. 
capillary tubes gives, in general: 
® 


__ mPa‘ pgn 
Dre f28ie 


where yz = absolute viscosity, which by reference to the list 
of symbols, gives: 


W = 144465 (P,a4pn/7/) g/min (1): 


The general formula (2) for liquid flow through a sharp: 
edged orifice is: 
w = CAy/2gpP, 


where A = area of orifice, which gives: 
W = 2087CD3\/pP, g/min (2): 


The value of the discharge coefficient C is a function of the 
Reynolds number at the orifice which is found from: 


R = 2-122 (W/Dy) (3) 


From the value of Reynolds number one can obtain a 
value for discharge coefficient from the tables published by 
Tuve and Sprenkle“) and summarized in Fig. 1. 

It can be seen from Fig. | that, for D,/D, =0:20, as R 
increases, in the range from 200 upwards, C decreases. With 
an increase in viscosity there is a decrease in R and an increase 
in C. Therefore if one maintains W at a constant value one 
must decrease P,. 
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To a first approximation in the range R = 200 to R = 2000, 
with diameter ratio 0:20: 


C = 0-814 — 0-054 logig R (4) 


DESIGN CALCULATION 


The following calculation was made to design a unit in 
order to make practical measurements to verify the theory of 
an accurate constant flow device. The liquid chosen was a 
transformer oil with a large temperature coefficient of 
viscosity. The results of a series of measurements of viscosity 
and density of the oil are shown in Fig. 2. 
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Fig. 1. Orifice discharge coefficient curves for viscous 
liquids. Values of D,/D, are indicated on each curve 


D, = diameter of orifice. 
Dz = diameter of tube containing orifice. 
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Fig. 2. Density and viscosity curves for transformer oil 
BRITISH JOURNAL OF APPLIED PHYSICS 


Laycock 


At 27°C. p =0-8668 g/cm? and 7 = 20 cP. 

Let W = 400 g/min, P,; = 1900 g/cm? and assume C = 0°66, 

From equation (2) D, = 0-08459 cm, and from equation 
(G)ERv— 02% 

From Fig. 1, if D,/D, = 0:20, C = 0:°678. 

Substituting this correct value of C in equation (2), 
D, = 0-083 46 cm. 

Using this value of D, with 7 = 10 cP, p = 0-856 g/cm’, 
and with 7 = 30 cP, p = 0-872 g/em?, when W = 400 g/min, 
values of R, C, and P, were successively calculated, giving: 


P, (when 7 = 10 cP) = 2060-9 g/cm? and P, (when 7 = 
30 cP) = 1839-0 g/cm?. ; 
As the total pressure drop is to be independent of viscosity 


2060:9 +P, (when 7 = 10cP) = 1839-0 + P, (when 
7 = 30cP). 


But from equation (1), with W, a, n and / constant, P,  »/p.| 


So approximately: | 


P(n = 30 cP) = 3P,(y = 10 cP) 


Whence Py = 10 oP) = 111 gicm 
P3(y = 30.cP), = 333 g/em* 
and P= Py Ps = 2172 giem2. 


Calculating a capillary flow restriction to give these values’ 
of P, under the relevant viscosity conditions, W being 
400 g/min, let n = 32 and a = 0-20 cm (the bore of available 
tubing); then from equation (1) / = 176 cm. 


THE APPARATUS 


A unit was constructed with dimensions as near as possible 
to those found in the design calculation (Figs. 3 and 4). 
The orifice plate had an orifice diameter of 0-033 in. and 


was mounted in a short tube of 0:166in. bore, giving a 
diameter ratio of 0:20. The upstream end of this tube was 
connected to a wide bore tube, reaching below the liquid 
surface inside a pressure vessel, and the downstream end was 
connected to an adaptor to which thirty-two plastic tubes of 
2mm bore and 180 cm length were connected. 


reducing 
air valve * 
———— 
in 


direction 
of flow ~ 


Fig. 4. Details of orifice 
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To ensure that the oil remained at the same temperature 
uring its passage through the unit, a sample of oil was 
eated to the required temperature and a large volume of 
ater was heated to the same temperature. The oil was 
laced in a container inside the pressure vessel and surrounded 
y water at the same temperature. The orifice and capillary 
ibes were also immersed in the water, apart from a very 
hort length at the end of each capillary tube leading to a 
ollecting vessel. This was found to be essential since the 
apillary tubes form an efficient heat exchanger. Air pressure 
jas applied to the pressure vessel from a source of com- 
ressed air via an accurate reducing valve. The pressure was 
adicated on a standard pressure gauge. 

Oil was passed through the unit at a series of pressures P 
nd at a series of temperatures, and measurements were made 
f the flow by weighing the amount delivered in a known time. 
ufficient time was allowed before each measurement for 
teady flow conditions to be set up. 


RESULTS 


The results obtained are plotted in Figs. 5 and 6. Ata 
ressure P of 2110 g/cm? the flow was constant over a range 
f temperatures of from 18 to 42°C to within +0:6% of 
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Fig. 5. Relation between temperatures and flow at a 


| series of pressures P given on each curve 


ow. As the pressure deviated from this value the errors 
ncreased, as shown in Fig. 5. However, in the pressure 
ange 1406 to 2812 g/cm? the flow was constant at a particular 


“ressure over the same temperature range to within +1°5 Zo: 


| 


| Vox. 9, AucusT 1958 


“he range of temperature is equivalent to a change in 
i 
f 


iscosity of from 10 to 30 cP. It was found that, using the 
‘rifice only, the change in flow within the temperature range 


t constant pressure was +6%, and, using the capillary 
strictor only, the equivalent change in flow was three times, 
je, +50%. 
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Fig. 6. Relation between pressure and flow at a series 
of temperatures 


DISCUSSION 


Since the unit behaved as predicted in the design calculation, 
the experimental results of Tuve and Sprenkle“ are further 
verified. Devices of this type could be designed for a wide 
variety of liquids, flow conditions and restrictors. For 
example, based on the principle verified for one case above, 
a constant flow device could be designed using two orifices 
of different diameters placed in series in a carrier tube such 
that the Reynolds number for one varies in the range 15 to 
150 and for the other varies in the range 300 to 3000 (Fig. 1). 
For constant flow through this device an increase in viscosity 
would have the effect of increasing the pressure drop at the © 
first orifice and decreasing the pressure drop at the second 
orifice. The orifice diameters could be arranged so that the 
total pressure drop was a constant for constant flow with 
varying viscosity. It is probable, therefore, that a flow 
indicator measuring the pressure drop across a unit of two 
orifices in series designed as indicated would be more accurate 
than the conventional single orifice plate flow-meter. 
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The effect of gettering on the reflectivity of aluminium films 
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[Paper received 28 November, 1957] 


Aluminium films evaporated on glass from a single vapour source are more optically absorbing 
at high angles of vapour incidence if the films are slowly deposited or prepared in a poor vacuum. 
The rise in the optical absorption with vapour incidence angle is attributed to the degree of gas 
contamination of the growing film increasing as the deposition becomes more oblique. Such 
an effect could arise from a greater ratio of the number of gas molecules to vapour atoms 
combining at the receiver in regions of low vapour intensity. The reflectivities of aluminium 
films prepared at different gas pressures and rates of deposition show qualitative agreement 
with the hypothesis when plotted as a function of vapour incidence angle. The simple theory 
advanced is not applicable at gas pressures above 1 ~ mercury because the vapour atoms are 
scattered by gas molecules before striking the receiver. 


Both optical and electron microscopy studies have shown 
that evaporated aluminium films may develop a coarse texture 
when deposited at oblique angles of vapour incidence, because 
the film nuclei can only grow on restricted surfaces. Also, 
it has been found that the residual gas in the vacuum chamber 
is gettered by the evaporated aluminium which combines 
during condensation with the gas molecules striking the 
receiver.3:4) Thus the reflectivity of an aluminium front 
surface mirror may be reduced, particularly for blue light, 
if the film is either granular and scatters the incident light or 
is impure and optically absorbing. Gas contaminated 
-deposits have a lowered reflectivity at both film boundaries 
if the deposition rate and gas pressure are constant during 
deposition, whereas diffusely reflecting deposits arising from 
preferred growth have a reduced reflectivity only at the air 
‘to film boundary. 

The writer has observed the formation of poorly reflecting 
aluminium films in the region of oblique incidence when 
evaporating on plane mirrors from a single vapour source. 
‘The fall in reflectivity did not arise from the formation of an 
irregular texture because a bluish bloom, characteristic of 
light scattering, was not present on the mirror surface. 
Measurement of the reflectivity over the surface of such 
mirrors showed that the obliquely deposited regions were 
more optically absorbing indicating that the purity of the 
-deposit had fallen. 

It can be shown that the gas contamination of an 
-aluminium film should vary with the vapour incidence angle 
if the vapour intensity is not uniform over the receiver 
surface and this could explain the formation of optically 
absorbing films at oblique incidence. The gas absorbed by 
an aluminium film during deposition depends upon the gas 
pressure and rate of deposition, i.e. the gas contamination 
increases with a rise in the ratio of the number of gas 
molecules to metal atoms striking the receiver in unit time. 
Thus when evaporating on a plane surface from a tungsten 
filament with approximately spherical vapour emission the 
gas contamination of the deposit should be greater at oblique 
incidence where the intensity of the vapour reaching the 
receiver is weakest. If the rate of absorption of gas is 
independent of the level of gas content in the film, then it 
‘can be shown for a point source, that the percentage gas 
absorbed (Ns) by a portion of the deposit at point S on the 
receiver plane relative to that (No) at S = 0 normal to the 
emitter is given by 

Ns (h2 ae $?)3/2 
No h3 


--where / is the normal distance between the emitter and the 
receiver plane. 
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surface normal. Thus for a source at 4 = 6 in. the gas con 
tamination at S = 10-34 in. (i.e. 6 = 60°) should be eigh 
times greater than that of the deposit at normal incidence! 
Under the dynamic conditions of evaporation the gas pressur 
momentarily falls as gas is removed by the deposit whic 
functions as a pump. The pressure reduction is greates 
where the vapour atoms incident on the surface are mos| 
intense, i.e. at normal incidence where the film is leas} 
saturated with gas, and this should enhance the relative gas 
contamination of the deposit. 


f 


EXPERIMENTAL METHOD 


Tests have been made to determine the qualitative ae 
of the gas pressure and angle of vapour incidence on the gas 
contamination of thin films by measuring the reflectivity o' 
aluminium mirrors. The coatings were prepared in a hori 
zontal 24 in. diameter metal chamber exhausted by a silicon 
oil diffusion pump of 15001./s. A number of glass slide 
were arranged on a long holder with a vapour source place< 
under one end at a normal distance of 6 in. with @ varying 
from 0 to 60°. 

The aluminium films were made sufficiently thick for th: 
deposit to be optically opaque and thus if pure fully reflecting 


Pressure 


Reflectivity (%) 


fon 
O 


SO 
O 20 


Angle. of incidence 6° 
Fig. 1. Aluminium evaporated in 8-10 s with initial gas 
pressure adjusted by admitting air to the vacuum 
chamber 
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The effect of gettering on the reflectivity of aluminium films 


thin the incident angles examined. Some 0:37¢g of 
Imium, i.e. a 9 in. length of 20 s.w.g. wire, was evaporated 
d this produced a film of about 600A thick at 0 = 60°. 
€ wire was piaced inside a stranded tungsten filament and 
>-melted to fuse it to the heater. The output potential of 
> low tension supply was adjusted so that the complete 
arge of aluminium could be evaporated in a known time 
erval. The glasses were cleaned chemically and by a glow 
charge, and then coated as follows: 


(1) The aluminium films were evaporated at a constant 
time of 8-10 after the gas pressure had been adjusted 
to an initial value in the range 0-05-1 ww mercury by 
admitting air to the vacuum chamber via a needle valve, 
The reflectivities at A = 5300 A of the mirrors produced 
on each cycle are shown in Fig. 1. 


(2) Aijuminium films were produced in a similar manner to 
the above but the evaporation time on each cycle was 
reduced to a.constant value of 34s. The film 


reflectivities are plotted in Fig. 2. 
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Fig. 2. Aluminium evaporated in 3-4s with initial 
gas pressure adjusted by admitting air to the vacuum 
chamber 


1G) The ultimate pressure of the residual gas in the coating 

chamber was raised by partially closing the high 
| vacuum valve above the diffusion pump. Aluminium 
films were prepared on all cycles at a constant evapora- 
tion time of 3-4s with the initial pressure adjusted 
between 0-05 and | yw mercury. 


DISCUSSION OF RESULTS 


The results show that as the gas pressure or the evaporation 
ne is raised the reflectivities of the mirrors tend to fall, 
is reduction being most marked at oblique incidence for. 
‘essures up to 0-5 mercury. The films produced by 
sthod (2) in the degassed atmosphere show less reduction 
| reflectivity than those produced with a constant leak of 
- to the system. This was because the pressure of the 
leassed components momentarily fell to a lower value than 
‘th a constant flow of gas into the vapour stream. It is 
\vious, however, that a badly degassing plant could give 
nilar results to that obtained in Figs. 2 and 3, because the 
lajor component of the residual atmosphere is usually water 
ipour which readily reacts with aluminium. 

‘Films prepared at 1 ~ mercury with a constant leak had 
iw reflectivities but the minimum values sometimes occurred 
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at 8 equal to 30—50° instead of at higher angles as expected. 
At this high pressure the vapour atoms cannot travel to the 
receiver unimpeded by gas molecules and the evaporation 
must be compared to the expansion of a cloud so that the 
simple theory advanced for the variation in the gas absorption 
would no longer apply. 


Pressure 


Reflectivity (%) 


oO 20 4 
Angle of incidence ©° 


Fig. 3. Aluminium evaporated in 3-45 with initial 
gas pressure raised by partially closing high vacuum 
valve 


The high reflectivities reached at all angles of vapour 
incidence for films evaporated rapidly (3-4 s) at low pressure 
(0-05 4 mercury) showed that the films were below the 
minimum thickness required for the onset of a light scattering 
film, which, from reported values“ at 0 = 60°, required a 
thickness above the 600 A used. . 

Thus, it can be inferred that the reduction in the reflectivity 
of aluminium films in regions of oblique vapour incidence 
when evaporating in a poor vacuum or at slow deposition 
rates arises from their high degree of gas absorption. This 
may also explain the reason why a masked deposit forms a 
discoloured zone at the metal boundary when the film is 
condensed through a thick stencil. The vapour intensity is 
greatly reduced in the region of the penumbra cast by the 
stenci! edge and the amount of gas absorbed at the edges of 
the film is consequently greater. The foregoing is not 
necessarily applicable when the receiver is of a type which 
degasses freely with rise in temperature, e.g. an .organic 
substance, because the gas contamination of the deposit may 
be greatest in the region of normal incidence where the 
temperature rise in the base is highest. 
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NOTES AND NEWS 


Correspondence 


Frictional behaviour and structure of the surface oxides of steel 


We have recently investigated the frictional behaviour of 
high carbon steel which had been treated in seven different 
ways; i.e. A-0 freshly abraded, B-0 left in a desiccator at 
room temperature for half a year, B-1 first left for half a 
year and then heated in air to produce a reddish-yellow 
oxide film (thickness: ca. 500A), B-2 heated until blue 
(about 700 A) in the same way, B-3 heated until colourless 
again (about 1000 A) like above, B-4 heated until dark grey 
(>103A) like above, and A-4 heated until dark grey 
immediately after abrasion. These deductions of oxide-film 
thickness from the colour of the oxide are relatively crude 
but appear sufficient for the present investigation. 

The coefficient of friction s was measured with a 
pendulum-type apparatus identical in principle with that of 
Kyropoulos,“!) in which the steel specimens were arranged in 
the form of ‘crossed cylinders.’’ The frictional sliding was 
therefore reciprocating and the condition seemed more 
severe and more likely to cause breakdown of the surface 
oxide film than in unidirectional sliding. The measurements 
were made at loads of 100 g and 25.g per contact and at the 
maximum speed of about 3mms~!. The period of swing 
was about 2c/s. The specimens were degreased in a boiling 
mixture of alcohol and KOH (5%). 

The results shown in Fig. | indicate B-series specimens at 
a load of 100 g; Fig. 2, B-series specimens at a load of 25 g; 
and Fig. 3, comparison of A- and B-series at a load of 100 g. 
In these figures the abscissa m represents the number of 


Coefficient of friction (y) 


No of successive measurements (m) 


Fig. 1. Change of coefficient of friction ~ with number 
of successive measurements m in B-series (aged specimens) 
at a load of 100 g 


B-0, no treatment; B-1, heated, 500 A; B-2, heated, 700 A; 
B-3, heated, 1000 A; B-4, heated, above 103 A. 


Coefficient of friction (1) 


° 5 ike) 15 20 


No of successive measurements (m) 


Fig. 2. Change of coefficient of friction ,« with number 
of successive measurements mm in B-series (aged specimens) 
at a load of 25 g 


B-0, no treatment; B-1, heated, 500A; B-2, heated, 700A: 
B-4, heated, above 103 A. 
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successive measurements, during which the contact of thi 
specimens was not changed. | 
Early experiments™ on the breakdown of the oxide fil 
in metallic friction have been carried out under the conditio#| 
of unidirectional sliding, showing that the change of | 
corresponds to the degree of oxide breakdown and that this! 
in turn, is determined by the applied load. In the present 
work the value of was slowly increased as the reciprocatin 
rubbing was repeated. This suggests that the breakdown of 
the oxide film occurred despite the fact that the load wat 
kept constant and was lower than the critical value which i 
in unidirectional sliding, sufficient to cause breakdown of 
the film. Comparing Fig. 1 with Fig. 2, it is readily see i 
that not only the heavy load but the repeated rubbing 
ruptures the film. It is worthwhile to note in Figs. 1 and 2 
that all surfaces showed a similar frictional behaviour at the 
early stages of successive measurements. This suggests thay 
for these specimens the oxide layer had the same structurd 
independent of its thickness. It is probable that this thing 
surface layer of amorphous Fe,O, or FeO(OH) was abradec 
away in the course of m= 1~4. The values of p, 0°56 
and 0-45, correspond to the values which Bisson and Johnso 
attribute to “dry” steel and to Fe3O,, respectively.©) It has 
also been reported that the natural surface oxide, produced 
by oxidizing for a prolonged period at room temperature, i: 
more protective,“ and the difference between A-O0 and B-( 
in Fig. 3 showed this is true for the repeated rubbing aq 
well as for the heavy load. 
The friction results also show an interesting difference i 
the type of surface oxide produced. Comparing A-0 anc 
A-4 with B-O and B-4 in Fig. 3, it is clear that the protective) 


S 
= A-O 
Sos B-O 
WY 
= B-4 
5 04 ie 
# 
7 
8 
re) 5 10 15 


No of successive measurements (m) 


Fig. 3. Comparison of A- and B-series (fresh and aged) 


at a load of 100 g 


m, no. of successive measurements; A-0, fresh, no treatment; 


A-4, fresh, heated, above 103A; B-0, aged, no treatment; 
B-4, aged, heated, above 103 A, 


oxide formed at room temperature on B-0 survived after 
heating at a higher temperature and still existed on the 
outermost surface. According to the present theory of the) 
tarnishing process,©) it is usually assumed that the surface 
of a ferrous material is covered with FeO, then Fe;,0, and 
finally (as the outermost layer) Fe,03. The growth o 
Fe304, presumably means diffusion of oxygen through thel 
Fe,03 and growth from the FeO upwards so that the outer-! 
most layer of Fe,O; persists after further oxidation. Ou 
results were in good agreement with this tarnishing feature.! 
Although the changes in coefficient of friction are relativel | 
small (generally from 0-4 to 0-5) it is felt that the differences 
in friction are significant and meaningful. The result 
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uggest, in agreement with earlier work, that for steel surfaces 
rom which most of the oxide is removed (the surface is 
robably covered with FeO) the friction has a value of about 
. = 0-5, for steel covered with Fe,O, the friction is about 
t = 0-45 and for surfaces covered with Fe,O,; [or FeO(OH)] 
he friction is between xp = 0:35 and 0-4. 

The writer wishes to thank Profs. S. Makishima and N. 
oda for their interest and encouragement. 
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Notes and 


‘lections to The Institute of Physics 


The following elections have been made by the Board of 
The Institute of Physics: 
‘ellows: H. Adam, J. F. Archard, J. J. Benbow, M. M. 
sluhm, A. W. Crook, J. Darbyshire, L. R. B. Elton, J. H. 
affe, E. W. Kellerman, C. N. W. Litting, D. McGill, E. G. 
steward, A. N. Stroh. 
{ssociates: H. S. Adams, G. J. Ames, M. I. Andrews, 
.. G. Angus, D. G. Baldwin, B. Barber, D. A. Calder, 
. A. Carruthers, L. G. S. Clark, P. R. Cloud, J. K. Easlea, 
.. H. Haynes, D. G. Holloway, H. M. McGeachin, D. H. 
lorton, A. P. Rouse, M. Seal, D. G. Singleton, M. J. Smith, 
V. S. Symes, R. Thorburn, D. R. Tibbetts, A. H. Truclove, 
>. Turner, C. H. Ward, R. West, R. W. Whitworth. 
Thirty-five Graduates, one hundred and two Students and 
ive Subscribers were also elected. 


Yymposium on nuclear fuel cycles 


The Institute of Physics, one of the constituent bodies of 
he British Nuclear Energy Conference, announces that it is 
rranging a symposium in London on nuclear fuel cycles on 
2 and 23 January, 1959. The programme is as follows: 


Session 1: (a) Long term reactivity changes; (b) Theory of 
once-through fuel cycles; (c) Perturbations due to fuel 
cycles. 

Session 2: Optimization of fuel cycles for nuclear power 

_ Stations. 

Session 3: Fuel cycle operational problems. 


_ The papers which have been invited will cater mainly for 
ersons working in the field, and will deal with the applied 
hysics aspects of the fuel cycles which form the basis of the 
mmediate nuclear power programme. Abstracts (but not 
re-prints).of the papers to be read or presented at the sym- 
osium will be available early in January. 

Application forms for tickets to attend the symposium are 
btainable from the Secretary of The Institute of Physics, 
7 Belgrave Square, London, S.W.1, and should be returned 
s.soon as possible. 

The symposium will be published in the Journal of the 
ritish Nuclear Energy Conference, 


nstrument enquiries service 


In order to help prospective instrument users to find 
1¢ sources of supply and particulars of the type of instru- 
rent best suited to their needs, the Scientific Instrument 
fanufacturers’ Association of Great Britain Ltd. have 
stablished a technical enquiry service in collaboration with 
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comments 


the British Scientific Instrument Research Association. It is 
hoped that, through this service, enquirers may be able to 
obtain the most accurate and up-to-date information on all 
products manufactured by the members of the Association. 
The telephone number of the service is IMPerial 6000. 


Notes for prospective authors 


Authors preparing contributions for submission to this 
Journal are invited to make use of the guidance available in a 
32-page booklet entitled Notes on the preparation of contribu- 
tions to the Institute’s Journals and other publications. It is 
intended to assist less-experienced authors and to serve as a 
reference booklet for all who wish to contribute to the 
Institute’s publications. It gives hints on the preparation of 
scripts and diagrams, on the lay-out of mathematics for the 
printer, the correction of proofs and so on. In addition to a 
short bibliography of reference books and works on technical 
writing, there are lists of the spellings, symbols and abbrevia- 
tions used by the Institute. These conform with British 
Standard 1991, Part 1: 1954: Letter symbols, signs and 
abbreviations, Part 1, General, which authors of mathematical 
papers are also advised to consult. 

Copies of the booklet may be obtained from The Institute 
of Physics for 2s. 6d. (including postage). 


International conference on the peaceful uses of atomic energy 


The list of 2500 scientific papers to be presented before 
the 1958 International Conference on the Peaceful Uses of 
Atomic Energy, 1-13 September, 1958, is being made avail- 
able by the Document Service of The Chronicle of United 
Nations Activities. 

The subject-matter ranges through all the aspects of the 
peaceful uses of atomic energy, including the production and 
control of thermo-nuclear power; advances in reactor 
technology; extraction and refining of nuclear materials; 
effects and control of radiation; uses of isotopes in industry, 
agriculture, and medicine; and many other research 
developments from the major laboratories of the world. 
Copies of the list, free of charge, may be obtained from 
the Atomic Energy Document Service, The Chronicle of 
United Nations Activities, 234 West 26 Street, New York 1, 
N.Y., U.S.A. 


The Geophysical Journal 

The first issue of The Geophysical Journal was published in 
March this year. This is a journal intended for the publi- 
cation of papers on research and progress in geophysics 
and related subjects. It incorporates the earlier Geophysical 
BRITISH JOURNAL OF APPLIED PHYSICS 
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Supplement to the Monthly Notices of the Royal Astronomical 
Society; by widening its scope to include, in addition to 
original papers, such matters as reports of geophysical dis- 
cussions, short notes and letters and book reviews, it is 
hoped to increase its circulation throughout the large body 
of exploration geophysicists. 

There is no limit to the range of geophysical subjects 
which the journal covers. Contributions to the first number 
come from Australia, Canada, the U.K., the U.S.A. and the 
U.S.S.R. and the papers cover such varied subjects as the 
use of hydrogen bomb explosions for seismological purposes; 
the application of geomagnetic measurements to studies of 
ionic density in the outer atmosphere; polar wandering; the 
theory underlying calibration of travimeters by comparison 
with pendulums, and a review of the recent Toronto U.G.G.I. 
conference. Of more immediate practical nature is a paper 
on a seismic refraction survey off the north coast of Cornwall. 
At the end of the journal there is a series of Russian trans- 
lations of summaries of the original papers. 

We welcome this new periodical and wish it success. 

The Journal is published quarterly by The Royal Astrono- 
mical Society, Burlington House, London, W.1. The annual 
subscription is £3 (U.S.A. $9). 


Pakistan journal of scientific and industrial research 


We have received the first issue of a new quarterly periodical 
entitled Pakistan journal of scientific and industrial research, 
edited by Dr. M. M. Qurashi and published by the Pakistan 
Council of Scientific and Industrial Research, : Karachi. 
Among the papers included are the following: Radio fre- 
quency transmission system of a 30 MEV electron cyclotron; 
Scattering of high energy electrons by electrons in nuclear 
emulsion; Proton-proton scattering at medium-high energies; 
Design and study of audio-amplifier and radio-receiver using 
transistors; Design of an improved type of dry cell; Studies 
in the properties of heat insulating building materials. Part I 
—Cement-rice husk ash mixtures. 

The price of the annual volume is Rs. 15, post free, and 
single parts Rs. 4, post free. Further details may be obtained 
from the publishers. 

We wish the latest of the many additions to our con- 
temporaries all success. 


Wear 


The aim of a new “‘international’’ Journal entitled Wear, 
which commenced publication in August 1957, is to report 
on basic research on friction, lubrication, and wear and the 


‘ 


application of the results to industry. The Editor is Dr. G! 
Salomon of Delft and he is supported by international 
editorial and advisory boards. Papers and review articles 
are published in English, French or German, and are supple 
mented by a section containing book reviews, abstracts o 
papers appearing elsewhere, and brief reports on current 
events. 

Wear will have six issues to the volume of about 500 pages 
and is published by Elsevier Publishing Co. of Amsterdam: 
at £5 7s. 6d. or $15 per volume. Once again it is our pleasur 
to wish success to yet another contemporary. 


Erratum 
The paper by B. Meltzer and P. L. Holmes which appeared 
on page 139 of the April issue of this Journal contained th 
following printing errors: In Figs. 7 and 8 ‘““Log S,/S,” should 
read “Lag S,/S,"’.. On page 140, second line below Fig. 2 
**2-303a”’ should read “‘a/2-303”’. | 


Journal of Scientific Instruments 
Contents of the August issue 


SPECIAL ARTICLE 
Infra-red and microwave modulation using free carriers in semiconductors 
By A. F. Gibson. 


nti 


ORIGINAL CONTRIBUTIONS 
Papers | 

Magnetic deflexion of electron beams without astigmatism. By G. D. Archard 
and T. Mulvey. : 

Error in temperature measurement due to the interdiffusion at the hot junctio 
of a thermocouple. By A. J. Mortlock. 

A simple phase sensitive rectifier for use with radiation detecto’s. 
Richards. ; 

A nuclear plate camera for angular distribution measurements with gaseous or 
solid targets over a wide range of angles. By W. M. Jones and D. G. Waters. 

A mass spectrometer mass marker. By J. H. Beynon and S. Clough. j 

An apparatus for the viscometry of organic liquids at high temperature. By# 
W. G. Burns, B. Morris and R. W. Wilkinson. 

A critical method of focusing an optical diffractometer. By C. A. Taylor ane 
B. J. Thompson. 

A doulie y-ray spectrometer for coincidence counting of positrons. By J. W 

eale. 

The use of a manometric densitometer for molten salts. By the late L. J. B 
Husband. Hy) 

The preparation of powder specimens from active and toxic metals for use ir} 
conventional X-ray diffraction studies. By A. Moore, D. B. Wright ane 
A. J. Martin. j 

Photoelectric indicator for precision setting in co-ordinate measurements. By# 
E. Djurle and G,. Gran. 


Laboratory and workshop notes 


The use of coarse gratings to find the refractive index of liquids. By G. M 
Sreekantath and C, A. Verghese. 
Le bees fe storage of large numbers of small radioactive particles. By L. E 
Teuss. 
A metal through glass seal. By E. J. Davis. 
A null-point pressure indicator for use at high temperature. By P. E. Liley. 


A general purpose electronic timer particularly suitable for time-lapse kinemicro- 
graphy. By D. McNish and R. E. Trotman. ‘ 
NOTES AND NEWS 
New instruments, materials and tools 


, 


BINDING ORDERS 


From the date of this announcement, orders and enquiries about the binding of back-numbers of the Journal of Scientifi 
Instruments and of the British Journal of Applied Physics should now be sent direct to Messrs. E. A. Weeks and Son, 168 


Gower Street, London, N.W.1 (EUSton 4674), and not to The Institute of Physics. 
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The physics of fibres with special reference to wool* 
By A. B. D. Cassiz, C.B.E., M.A., D.Sc., F.Inst.P., Wool Industries Research Association, Headingley, Leeds 6 


There are many angles from which one could approach the physical study of fibrous materials. 
In the book under a similar title published in the Physics in Industry series Woods) has dealt 
largely, but not exclusively, with those aspects of the study which are concerned with the conse- 


quences of the molecular structure of fibrous substances. 


On the other hand, there are many 


interesting physical problems, particularly in relation to fibre assemblies such as fabrics, which 
arise purely from the geometrical form of the fibres and their ability to exchange water vapour 


with the atmosphere. 

| 

\ AIR PERMEABILITY 
The fibres used in textiles are usually fine and long and hence 
have a very large surface-volume ratio. This has a number 
of interesting consequences. Take, for example, an ordinary 
wool suiting material; this may look pretty solid but, in fact, 
even the most closely packed wool fabrics have about 60% 
air space, and only 40% wool. Such a material cannot 
interpose a solid barrier to the passage of a fluid, the 
tesistance to the passage of air, for example, through a wool 
fabric being caused mainly by friction at the enormous fibre 
surface to which any air being driven through the fabric is 
exposed. As examples of the large surface areas involved 
the following figures may be quoted. The surface area of 
11b of a typical merino wool is about 800 ft?, that of 1 1b 
of silk is 3200 ft?. A wool clothing fabric may weigh over 
1 lb/yd? so that the fibre surface area may be anything up to 
80 times the fabric area. Although the area of 1 lb of silk 
is so much greater than that of 1 lb of wool, silk fabrics are 
usually much lighter than are wool fabrics and the total 
fibre surface is correspondingly less. 
~The surface drag on a fluid flowing through an assembly of 
fibres is only fully effective when the fibres are approximately 
uniformly distributed. Except for pressed felts, this implies 
that the fabric density shall not differ very greatly from the 
yarn density. If this is not so, the air will pass mainly through 
the comparatively large spaces between the yarns rather than 
through the fine spaces between the fibres in the yarn. The 
air drag will then be greatly reduced, particularly with 


Table 1. 


Stage 
Greasy 
Scoured 
Milled 1 hour 
Milled 2 hours and washed off 
As above with surface cover removed 


smooth yarns which have no loose fibres to break up the 
inter-yarn spaces. There will, however, usually be an addi- 
tional resistance to air flow under these conditions which 
arises from the turbulence set up. This will normally be 
much less than the loss of frictional drag. 

Kozeny®) has made an extended study of the resistance to 
fluid flow through approximately uniform beds, based 
essentially on the theories developed for the air drag of 
cylinders which have, of course, been applied to the very 


* Based on a lecture given to the North Eastern Branch of The 
Institute of Physics in Newcastle upon Tyne on 4 December, 1957. 
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This paper is largely concerned with these aspects of the subject. 


different problems of airplane wings and the like. Kozeny’s 

theory when applied to air flow through a plug of fibres 
gives the formula 

V 2 

GRA 16kyb 


AP (pV — m)3 


where d is the fibre diameter, v is the rate of air flow measured 
outside the plug, / is the thickness of the plug, V is the volume 
of the plug, m is the mass of fibres therein, p is the fibre 
density, 7 is the viscosity of air, AP is the pressure drop 
across the plug, and k is a dimensionless shape factor, 
depending on fibre orientation and the uniformity of packing, 
relating the mean diameter of the fibres to the rate of air 
flow through the plug. In this formula v/AP is the air 
permeability. 

There is one unknown in this equation, namely the shape 
factor k. It has been worked on from both theoretical and 
practical angles, and we now know that for fibres randomly 
oriented in a plane perpendicular to the air flow, it has a 
value of about 6:6. If this value is substituted in the Kozeny 
equation and the latter applied to flow through a fabric, we 
obtain the formula 

3 
cA a op) d2 
Idj 
where A is air permeability in ft/min x in. (water gauge), 
fy is the volume fraction of fibres in the fabric (i.e. the ratio 
of fabric density to fibre density), / is the fabric thickness in 
mils (1/1000 in.) and d is the fibre diameter in microns. 


Low woollen fabric fibre diameter 23-7 jx 


1 Air permeability ft/min x in. 
or (1/1000 in.) Calc. Obs. Ratio 
0-201 71-0 97-5 405 4-15 
0-170 78-3 142 173 1-22 
0-160 86-1 150 Si 1-05 
0-162 97:6 132 INO 0-85 
0-214 65-8 90-5 110 122) 


Tables | and 2 give a comparison between the air per- 
meability as calculated on the above theory and that deter- 
mined experimentally. The material referred to in Table 1 
as “‘greasy”’ is the fabric as it comes from the loom, when it 
has the appearance of canvas rather than of wool; but after 
scouring and milling—which is really a prolonged scour— 
the calculated and observed air permeabilities agree sur- 
prisingly closely. These results show how uniform the 
packing of wool fibres is in a typical milled fabric, and that 
the resistance to penetration by wind or other air movement 
is entirely due to the ordinary effects of drag. The fibres 
have an enormous surface area and it is the drag of this 
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Table 2. Air permeability of milled fabrics 


Fabric of Cuions (1/1000 in.) Calc. Obs. 
A 0-137 21-8 143 114 79.°5 
B 0-135 PIO 137 129 81 
Cc 0-095 shila) 177 458 400 
D 0-092 31-4 196 474 400 
iE 0-114 31-0 153 339 300 
F 0-132 33-4 170 232 281 
G 0-197 31-0 140 91 94-6 
H 0-203 32-0 126 100 111 
I 0-135 31-8 178 202 157 
J 0-177 32-0 157 115 118 
K 0-131 Dial, 266 146 12h 
L 0-263 Oo, 54-4 53:6 35°6 
M 0-310 22-7 Siicd 31-5 24-9 
N 0-164 43-0 100 400 209 
O 0-262 28-6 (pyos) 63°2 49-1 


Note.—Fabric N contained a large number of medullated fibres. 


enormous surface that brings the air movement to rest and 
so protects the body against heat loss by moving air. 


FIBRE DISTRIBUTION IN WOOL FABRICS 


The relatively uniform fibre distribution found with wool 
fabrics occurs because wool yarns (whether worsted or 
woollen) are very loosely packed compared with some of 
those made from cellulosic materials. It does not, therefore, 
require a tight weave and a high fabric density to produce a 
uniform fibre distribution in the fabric. This loose structure 
of wool yarns is no doubt partly the result of the crimp of 
most wool fibres—the loftiness of yarns made of synthetic 
fibres can be improved by giving them an artificial crimp. 
The elastic properties of the fibre, however, also contribute 
to this effect. The essential requirement here is that a given 
length of fibre can be bent into a circle for the expenditure 
of less work than is required to twist it through one revolu- 
tion.©) For a cylindrical fibre this requires a relatively low 
longitudinal Young’s modulus combined with a high rigidity 
modulus in torsion, the actual relation being 


(2 ='26)/G=,0 


where E and G are the relevant Young’s modulus and rigidity 
modulus respectively. 

There is some doubt as to whether this is actually negative 
for wool, but the value of the ratio is certainly much less 
than it is for other fibres. Flat ribbons are usually more 
easily bent in the plane of the ribbon than twisted, but they 
are much more difficult to bend at right angles to this plane. 
One might expect, therefore, that cotton fibres which are 
ribbon-like in their structure might give lofty yarns; however, 
the plane of the ribbon in cotton fibre is not constant, but 
twists to and fro down the fibre so that the application of 
the criterion for loftiness given above to cotton is more likely 
to be justified than would appear at first sight. 

A second deduction which can be made from the low 
packing density of many fibres is that fabrics have thermal 
conductivities which are more or less those of still air. 
The thermal conductivity of wool felts of different densities 
are shown in Fig. 1. The curious rise in thermal conductivity 
above that for still air, at very low packing densities has not 
been satisfactorily explained. SchuhmeisterS) has given an 
equation which relates the conductivity of mixtures of solid 
cylinders in a fluid to the conductivity of the components 
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Notes 


Raised, but open weave 


Very little surface cover 
Little cover 


Very compact fabric; fibres varying in diameter 


and the proportion and orientation of the cylinders. The 
curves in Fig. 1 represent the conductivity of the fabrics as 
calculated with this relation assuming that the conductivity 
of the fibres is the same as that of horn keratin. The latter was 
separately measured and found to be 4:6 10-4 cal/em xs x°C 
at low regains and 5-1 cal/em x s x °C at medium regains, 
i.e. the thermal conductivity of keratin (the wool substance) 
is about ten times as great as that of air. 


4, 


Ww 
ie 


Thermal conductivity - (cal /cmxsx°C) 


O2 


O4 O68 
Density (/cm’) 


[Reproduced from Wool Research, Vol. 2] 


Relation between thermal conductivity and bulk 
density for wool felts 


© medium regain (10:7 %) e low regain (0:7%) 


O8 


Fig. 1. 


THE EFFECTS OF WATER SORPTION 


As is well known, wool is a hygroscopic substance absorbing 
up to 33% of its weight of water in a saturated atmosphere. | 
This implies that at saturation, when the density of wool is | 
about 1-28, the concentration of water in the wool fibre is 
about 0-32 g/cm?, whereas at 25° C the water vapour con- 
centration in the atmosphere is only 23 mg/J/; i.e. when wool 
is in moisture equilibrium with the atmosphere at normal 
temperatures, the concentration of water in wool is about’ 
10* that in the atmosphere. This fact taken in conjunction’ 
with the small diameter of fibres means that a wool fibre! 
rapidly comes into moisture equilibrium with the atmosphere’ 
in its immediate neighbourhood despite the low coefficient’ 
of diffusion of water in wool. This is because equilibrium is 
attained by changing the moisture content of the atmosphere 
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rather than that of the wool. This is true even with fabrics 
because the low packing density maintains the fibres every- 
where in contact with the atmosphere. 

Fig. 2 shows the variation in the diffusion coefficient of 
water in keratin at various regains. This coefficient is 
only of the order of 10~7cm?/s. Even when allowance is 
made for the greater concentration gradients in wool, as 


2 


wn 
n 


5 
4 


Diffusion coefficient kx rey (em? /'s) 


Regain (°/o) 
[Reproduced from the Transactions of the Faraday Society] 


Fig. 2. Variation in diffusion coefficient of water in 
keratin at various regains 


----- theoretical 
experimental: curves made to coincide at A 


compared with air for two different equilibrium conditions 
between air and wool, this means that the rate of diffusion 
through keratin is only 1/100 of that through a corresponding 
air layer for which the diffusion coefficient is of the order of 
10—! cm?/s. Nevertheless, because of the small diameter of 
the wool fibre sufficient water to reduce the moisture content 
of its surroundings to equilibrium is rapidly absorbed. 
Further absorption is then controlled by the rate of diffusion 
through the atmosphere.‘”) ; 
This argument also applies to a large mass of wool. Just 
as with the flow of heat, the flow of water vapour through a 
mass of wool largely takes place through the air. The only 
difference is that since the diffusion coefficient in wool is less 
than that in air, the diffusion coefficient for a fabric is slightly 
less than that of air, whereas the thermal conductivity is 
slightly higher. 
When there is a difference in both temperature and moisture 
content between the atmosphere on the two sides of a fabric 
the direction of flow of moisture is controlled by the water 
vapour concentration gradient in the atmosphere rather than 
by that in the wool. Because of the rapid variation of 
saturation vapour pressure with temperature, the humidity 
on the high temperature side, and hence the regain of wool, 
“may be less than that on the low temperature side, even 
though the water vapour.concentration and the water vapour 
pressure is higher. The data recorded in Fig. 3 show the 
-yapour pressure and temperature between different layers 
of clothing and also the saturation vapour pressure curve. 
It will be noticed that the relative humidity is much lower 
next to the skin, although the vapour pressure is higher. It 
is for this reason that the body can lose heat by insensible 
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perspiration even to a saturated atmosphere. Because the 
thermal conductivity of a fabric is slightly higher than that 
of air and increases with fabric density whereas the diffusion 
coefficient is lower, the temperature drop across a dense 
fabric layer will be less than across an equivalent air layer 
and the vapour pressure drop greater. This will cause the 
vapour pressure-temperature curve to be steeper. If such a 
fabric forms the outer garment (as is often the case) the 
curve through the clothing assembly will be concave down- 
wards (as shown by the dotted curve) and there is a risk of 
this curve cutting the saturation curve, particularly with high 
humidities near the skin (approaching sweating), and con- 
densation will occur on the inner surface of the outer 
garments. 8) 

Another consequence of the large moisture content of | 
wool,.and indeed of most natural fibres, is that they tend to. 


Vapour pressure (mb) 


207 <i 
if a 
=n 
ai 
2¢ 
aga » : 
94 90 a : 


Temperature CF) 
[Reproduced from Wool Research, Vol. 2] 
Fig. 3. Microclimatic conditions within clothing 


1, Cassie; 2, Ogden and Rees: 2a, sitting resting; 25, sitting 
writing; 2c, prone; shaded areas, fabric layer. 
e ambient conditions. 


control the humidity of their surroundings instead of vice 
versa. Thus at 65° F (184° ©) it will take as much water to 
change the regain of 101b of wool by a given amount as it 
would to change the humidity of a room of 2000 ft? capacity 
by an equivalent amount. This is about the size of a medium 
living room (14 x 14 ft) and the wool in the carpets alone 
would weigh much more than this. This example shows the 
value of soft furnishings made of the natural and regenerated 
fibres as a humidistat. This fact is realized by the curators 
of many of our art galleries who make use of curtains and 
draperies as an invaluable aid to the preservation of our art 
treasures,) where air conditioning is not available. 

The deduction that the air in immediate contact with a 
wool material is always in moisture and thermal equilibrium 
with it means that the theory developed for the wet bulb 
thermometer can be applied to discussion of the transfer of 
heat and moisture between wool and the surrounding atmo- 
sphere. August’s hypothesis, on which all wet bulb theory 
is based, states that the air stream flowing over a wet bulb 
supplies the heat necessary to evaporate sufficient water from 
the bulb to saturate itself at the wet bulb temperature. This 
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hypothesis has been verified by much experimental work, 
but it has never been satisfactorily deduced from theory. 
Taylor“ probably got closest to it, but even his theory is 
not entirely convincing. Taylor’s theory rests on the fact 


Saturation 


Desorption 


Vapour Pressure mb 


°50 70 90 


110 
Temperature °F. 


[Reproduced from Wool Research, Vol. 2] 


Fig. 4. Relation between vapour pressure and temperature for wool at different 


regains (desorption) 


that the ratio of the heat and water vapour transfer coefficient 
is the same whether transfer takes place by bulk transport 
as in August’s simple hypothesis, or by diffusion of water 
vapour and conduction of heat. The heat balance that 
results from this hypothesis is 
Lyky(Py Te Pa) ma kr(tq WA by) 
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where L,, is latent heat of evaporation of water from the 
wet bulb, ¢,, p, are the temperature and water vapour 
pressure in the ambient atmosphere, ¢,, py are those for air 
in equilibrium with the wet bulb, and ky, ky are the transfer 
coefficients for water vapour and heat 
respectively. 
Putting in the value of the ratio of 
6 the two coefficients this leads to the | 
1,0, wet bulb equation 
P wit 
(Py as Pa) a per ts P% is, 


or at ordinary temperatures when p,, 
can be neglected in comparison with 
P, the atmospheric pressure 


(Pw af Pa) ar (P/2:6Ly ta ie ty) 


The equation requires modification 
for unventilated hygrometers, not 
because of the difference in the ratio | 
of ky and ky for diffusion and bulk | 
transport, but because in still air the 
heat received by the wet bulb from | 
radiation from solid bodies at the 
ambient temperature becomes com- 
parable in amount to that received by © 
conduction and the basic assumption | 
no longer holds. 

In transferring this equation to | 
exchange of water vapour with | 
fibres!) at regains below saturation 
the only modifications required are 
that the latent heat is now that of 
evaporation of water from wool and 
that p,, and ¢,, are the vapour pressure 
and temperature of the air in equi- 
librium with wool at the appropriate 
regain. The condition that the regain 
of the wool remains sensibly un- 
changed during the short time taken 
for the wool to reach the temperature 
given by the wet bulb equation gives 
the appropriate relation between 7%, 
and p,. This relation is Kirchhoff’s 
relation which can be used to relate 
t, and p,, to the original temperature 
and pressure fy and po, to which the 
wool has been conditioned. We have, 
therefore, two relations between the 
unknowns 1¢,, and p,, and so we can 
obtain the temperature and water 
vapour pressure of the air in contact 
with the textile material. These values 
will, of course, only apply initially 
) because as soon as the regain of the 

material is changed appreciably, new 

values will have to be used in 

Kirchhoff’s equation. A_ different 

value of ¢,, will of course result, and 

this means that the temperature of the 
textile material must be changed. August’s hypothesis does 
not, therefore, strictly hold because heat will be required for 
this temperature change; the amount of heat required for 
this purpose is, however, negligible in comparison with that 
used in evaporating water and so can be safely ignored. 

The two simultaneous equations used for obtaining th 
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nd p, cannot be solved formally and recourse must be 
iad to numerical or graphical methods.“”) Figs. 4 and 5 
rovide a convenient means of carrying out the solution by 
he latter method. The curves represent Kirchhoff’s relation 
Or a number of wool regains under 
lesorption and absorption conditions 
espectively. All that is needed to 
olve the equations is to draw the 
vet bulb line through the point 
epresenting the ambient conditions. 
[The point at which this line cuts the 
surve for the appropriate Kirchhoff 
elation then gives the values of 1,, 
ind p,. The sloping line running 
cross the graph is perpendicular to 
he average value of the slope of the 
wet-bulb line and so can be used in 
-onjunction with a set-square in draw- 
ng this line. 

The simplest application of these 
>quations is to a change of tempera- 
ture. Ifa mass of textile material is in 
squilibrium with air of 20° C (68° F) 
and 60% r.h. or of water vapour 
pressure 14 mb and air at 35° C (95° F) 
and of water vapour pressure 14 mb 
is forced through it, then it can be 
shown from these relations that the 
temperature of the air issuing from 
the textile material should be 26° C 
(78° F). The water vapour pressure 
in the air should be 20 mb. 

An experiment“) was carried 
through to test this theory; in par- 
ticular it tests our basic assumption 
that wool fibres are always in equi- 
librium with the air surrounding 
them or that the keratin material is so 
=xposed to the air that its low diffusion 
coefficient causes no delay. Fig. 6 
shows the apparatus that was used 
for the experiment. A cylinder ABCD 
of textile material was conditioned 
by air at 20°C after which the air 
temperature was changed to 35°C 
whilst maintaining the water vapour 
oressure at 14 mb. The air tempera- 
ture before and after passing through 
the cylinder was measured by means 
df the thermocouples 7, and 7). The 
-esulting temperature-time relations 
are shown in Fig. 7. The results for 
ill textiles show an_ initial rapid 
ncrease in the temperature of the air 
which has passed through the textile 
‘0 about 26°C. This is in excellent 
igreement with value obtained by 
ipplication of the wet bulb theory. 
When this “wet bulb’. temperature 
jas been attained there follows a 
sradual increase in the temperature of the exit air until it 
‘eaches the value of the incident air, i.e. 35° C. During this 
yeriod the regain of wool slowly decreases from 16% regain 
0 10% which is consistent with the new conditions. 

A change of this type generally occurs in clothing when the 
wearer proceeds from indoors to outdoors. The water vapour 
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content of the atmosphere is roughly the same in a well- 
ventilated room indoors as it is outdoors, and in winter a 
change in conditions corresponds to a decrease in tem- 
perature accompanied by an increase in relative humidity. 


Saturation 


° 
SNe Os 
a - 


Absorption 


50 60 70 80 90 100 110 


Temperature °F. 


[Reproduced from Wool Research, Vol. 2] 


Relation between vapour pressure and temperature for wool at different 


regains (absorption) 


Let us consider what happens when outside air at 45° F 
(7:2° C) and 8 mb vapour pressure (79 % r.h.) is blown on to 
clothing initially in equilibrium with air at 65° F (184° ©) 
and 8mb vapour pressure (38° r.h.) which are not un- 
common conditions indoors on a cold winter’s day. 
Reference to Fig. 5 shows that assuming the wool has 
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attained its original equilibrium from the dry state, the 
equilibrium regains will be 10% and 20% respectively. 
Immediately the cold air comes into contact with the outer 
layers of the clothing it will come to equilibrium with wool 
at 10°%% regain under the conditions given by the wet bulb 
equation, the wool being assumed to attain the correct tem- 
perature with negligible evolution of heat. These conditions 


\ 
Textile cylinder 


Thermocouple a 


7, 
] 
] Thermocouple 
7 


~— Brass cylinder 
(thermostated) 


Air inlet 
[Reproduced from the Transactions of the Faraday Society] 


Fig. 6. Apparatus for measuring rate of transmission of 
temperature changes 


Temperature (°C) 


20 40 60 80 100 
Time (min) 


[Reproduced from the Transactions of the Faraday Society] 


Fig. 7. Rate of propagation of temperature changes 


a, outside air temperature; - - - - theoretical curve; C, cotton; 
S, silk; F, Fibro; W, wool; D, curve for diffusion through 
cotton. 


are given by the line C in Fig. 5, and it will be seen that the 
initial equilibrium is attained at about 54° F. This “‘initiai”’ 
temperature is about half-way between the original and final 
temperatures (65° F and 45°F respectively). This comes 
about because at normal temperatures the slopes of the wet 
bulb line and the Kirchhoff line are approximately equal and 
opposite. 

In the above example the regain of the wool has been 
changed by 10% so that the wool in a man’s clothing, which 
weighs about Slb will absorb 41b of water. The heat 
liberated by this absorption is about 600 B.t.u. (666 cal/g 
water); this may be compared with the heat normally 
generated by the body which is about 400 B.t.u./h. The 
heat liberated by the clothing in going from indoors to out- 
doors is, therefore, about the same as that produced by the 
body in |+h. If the outside temperature were lower and the 
humidity consequently higher, an even greater regain change 
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would take place, possibly twice as great, leading to an even 
greater evolution of heat. 


WATER REPELLENCY 


Apart from these thermal effects the fibrous structure of 
textile materials also contributes in a considerable degree | 
to their water repellency. The ordinary formula for the 
angle of contact between a liquid and a solid is 


cos 8 = (ys4 — Ysx)/YLA 
where 6 is the contact angle measured in the liquid, ys, is the § 
solid-air interfacial energy, ysz is the solid-liquid interfacial 
energy, and y, 4 is liquid-air interfacial energy. 

This equation shows that the cosine of the contact angle 
is the ratio of the energy required to replace unit area of | 
solid-liquid interface by a solid-air interface to that required 
to produce unit area of liquid-air interface. This equation 
only holds for contact with a smooth surface for which unit f 
area is covered per unit length when the line of contact moves i 
forward unit distance. With rough and porous surfaces this 
simple relation between the advance of the line of contact | 
and the surface area covered no longer holds. 

If a smooth solid surface is roughened so that unit plane ; 
geometrical area has an actual surface area o times that of fl 
the “smooth” surface, the energy gained in forming the 
solid-liquid interface will be o(ys4 — ysz), and the contact | 
angle, 6’, for the rough surface will be given by“ 


cos 0 = o(ys4 — Ysx)/YLA 

This equation explains the apparently high advancing # 
contact angles obtained when a wool fibre is partly immersed 
in water. The wool fibre has a rough scaley surface and 
because of the roughness the apparent contact angle is large, 
being around 120°. The true contact angle for smooth } 
keratin is probably between 90 and 100°. 
We have seen, however, that a wool textile material is } 
very porous, and that the surface of a fabric is a hetero- 
geneous one, consisting of rather more air spaces than there | 
are solid fibres. We can extend this argument to a hetero- 
geneous surface of this type; in fact, if unit geometrical 
area of a surface has-an actual surface area o, of real contact } 
angle 6, and an area o, of contact angle @5, the apparent } 
contact angle 6” for the composite surface is given by 


cos 0” = oa, cos 0, + «7 cos 6, 


This equation reduces to the previous one when o; is zero. | 
The interesting case for textiles is that when o, is composed } 
of air spaces, 0, is then 180° and the equation for the apparent | 
contact angle becomes 


cos 0” = o, cos 0; — a5 
This formula was tested by forming a cage of fine wires | 
which were waxed to give an advancing contact angle of 
105° and a receding one of 93°. The areas o, ‘and o, can then } 
be obtained from the geometry of the system, and the apparent | 
contact angle for a surface of the cage can be calculated. | 
Table 3 shows how very well the calculated and observed | 
angles agree. 
The existence of these very large contact angles means that 
a drop of water placed on the cage. is extremely mobile and, 
in fact, this is a characteristic of such a structure. Rain- 
drops that fall on it immediately pearl into drops and run} 
off. The same phenomenon arises when a fabric is first 
exposed to rain. The apparent advancing and receding 
angles can be calculated for fabrics of different density. 
The results are shown in Figs. 8(a) and (6). The bulk density 
of wool yarn and fabrics is usually around 0-4, and these 
s 
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Table 3. 
2r 2(r + da) 

(cm) (cm) Os OA 
0-007 0-025 0-366 0-730 
0-007 0-0404 0-227 0-833 
0-013 0-025 0-680 0-498 
0-013 0:0404 0-422 0-689 


gures show how important the porosity is in increasing the 
pparent advancing and receding angles. 

These phenomena are, of course, most strikingly brought 
ut in the case of ducks’ feathers. It has often been assumed 


[s{@) 


{= SO” 


& = (20° 


Re ON ORO) 
fo) O2 o4 "Ob OR SLO 12 
Bulk density (g/cm3) 3 
[Reproduced from the Journal of the Textile Institute] 


Fig. 8(a). Variation of apparent yarn advancing contact 
angle with density 


180 


OOP? O4e. 2206 O08 ive) 12 
Bulk density (g/cm>) 
[Reproduced from the Journal of the Textile Institute] 


Fig. 8(b). Variation of apparent yarn receding contact 
angle with density for true fibre advancing contact 
angle 90° 


at a duck uses some remarkably water repellent material, 
ut even the advancing contact angle for the stem of a duck’s 
ather is around 90 to 100°. The receding angle is approxi- 
ately 60°. However, the feather is formed of a very open 
amework of barbules which are roughly 8 in diameter, 
id the ratio of (r + d)/r for one layer of parallel barbules 

roughly 5 (Fig. 9). This geometry of the feather means 
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Theoretical and observed contact angles for a grid 


04 OR 
Calc. Obs. Calc. Obs. 
1454° 143° 1384° 138° 
Teys}e 52: 1474° 148° 
1323° 133% ioe 118° 
143° 143° 1354° 1354° 


that the true advancing contact angle of 90 to 100° becomes 
150° and the receding one 130°. It is because of these very 
large apparent advancing and receding contact angles that 
water runs off a duck’s back. Hens’ feathers often fail to 
show this phenomenon because there is almost a continuous 
film of grease between the barbules, and, of course, sea birds 
suffer from the same fate when oil becomes prevalent and 
forms a film over the fine structure of their feathers. 


Ki ey Ree ‘ es ‘ 
[Reproduced from Wool Research, Vol. 2] 
Fig. 9. Photomicrograph of duck’s feather 


Although the porous structure of textile materials contri- 
butes to their water repellency by increasing the contact 
angle between water drops and the fabric, water can be 
forced through the pores if sufficient pressure is applied. The 
force required to effect this will depend on the separation of 
the yarns or fibres and the contact angle with them. If water 
is forced sufficiently far into the pores of yarn some will be 
left behind when the water recedes, thereby reducing the con- 
tact angle. With the larger holes found between yarns in 
some fabrics, the impact pressure of a large raindrop may 
be sufficient to produce penetration. It is important, there- 
fore, to determine the pressure required to produce pene- 
tration for the different types of assembly. As water is 
forced into the space between two fibres the curvature will at 
first increase, thereby increasing the force resisting pene- 
tration, and then decrease (Fig. 10). It can be seen from the 
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geometry of the figure that the radius of curvature of the 
drop will be a minimum when the line PO is a minimum, 
ie. when the centre of curvature is mid-way between the 
centres of the two fibres. This minimum radius rs is given by 
rs = rcos 04 + /(r? + d? r? sin? 64) 

where r is the fibre radius, d is the fibre separation, and 
6, is the fibre advancing contact angle. The minimum 
pressure required for penetration is therefore 

AP = y/[r cos 04 + V(r? + d? — r? sin? 84)] 
for long narrow pores, and 

AP = 2y/[r-cos 04 + +/(r? + d? — 7? sin 764)] 
for square pores (as between yarns in a fabric). 


[Reproduced from Wool Research, Vol. 2] 


Fig. 10. Variation of curvature of interface with depth 
of penetration 
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[Reproduced from The Journal of the Textile Institute] 


Fig. 11. Pressure for penetration into yarns 

Fig. 11 shows the pressure required to produce penetration 
into a yarn of various densities, assuming a hexagonal 
packing of fibres of 20 . diameter, and Fig. 12 the pressure 
required to produce penetration through the pores of fabrics 
with yarn diameter (a) 0:05 cm for different types of weave 
(b/a is the product of the number of threads per cm and the 
thread diameter). The fibre advancing contact angle has 
been used in constructing Fig. 11 and the yarn contact angle 
in constructing Fig. 12. 

The discussion given above suggests that the ideal water 
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repellent porous fabric will have a low bulk density with a: 
uniform a structure as possible so that there are no inter-yar 
interstices. It has already been shown that wool fibres easily 
lend themselves to structures of this type in which the fabri 
density is made equal to yarn density at comparatively lo 
densities. The ideas expressed here on factors determinin 
water repellency were tested using a fabric composed of car 
web (similar in structure to a roll of cotton wool) lightly 
felted to a piece of muslin. When subjected to test this stoo 
up indefinitely to a shower (equivalent to 3 in. of rain per 
hour) which penetrated a close woven gaberdine within a 
few minutes. 
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[Reproduced from the Journal of the Textile Institute] 


Fig. 12. Pressure required to force water through a 
fabric 
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ORIGINAL CONTRIBUTIONS 


Some developments and applications of microfocus X-ray 
diffraction techniques 
By A. Franks, Ph.D., Metallurgy Division, National Physical Laboratory, Teddington, Middlesex 


[Paper received 8 January, 1958] 


This paper describes a low angle X-ray scattering camera, a microbeam camera and an electron 
gun for a microfocus X-ray tube. In the low angle scattering camera which can resolve a spacing 
of 1000 A using CuK radiation, the X-ray beam is totally reflected by two crossed bent glass 
plates, which focus the relatively intense beam on to a small spot on the film. Provision is 
made for accurately positioning a selected area of the specimen in the path of the beam. This 
facility is also provided in the microbeam camera for transmission and back reflexion work. 
In the electron gun, focusing is facilitated by independent adjustments of the positions of the 
filament and grid cylinder, while the tube is in operation. 


A LOW ANGLE SCATTERING CAMERA 


Ow angle scattering studies of fatigued metal foil“ which 


ave been carried out have indicated the usefulness of a 
amera embodying the following features: 


(1) An intense beam with high resolution achieved in all 
directions on the film; the beam must therefore be of 
the “pinhole” type; 

(2) A monochromatic beam; 

(3) Small area of specimen irradiated. 


he last feature is of particular importance in the examination 
f fine grained polycrystalline material, but is not usually 
mbodied in the more conventional low angle scattering 
ameras. 

The design of the present camera is based on two physical 
onsiderations. Firstly, X-rays are totally reflected when 


vacuum 
box 
' = 
¢ 
5 


focusing screw 


incident on a surface at a sufficiently small glancing angle 
(approximately 11’ for CuK radiation on glass), and by suit- 
ably adjusting the glancing angle, partial monochromatization 
may be achieved, the characteristic and softer radiation only 
being reflected. Secondly, rays diverging from the focus of a 
mitror of elliptical cross-section will, after reflexion, reunite 
to form a line image passing through the other focus. In 
practice, it is more convenient to use a mirror of circular 
cross-section, the curvature being obtained by applying equal 
bending couples near the edges of a rectangular plate. Fig. 1 
is a diagrammatic representation of the camera, the arrows 
representing the traverses. A photograph of the camera 
clamped to the X-ray tube is shown in Fig. 2. 

The camera was designed to resolve a spacing of 1000 A 
in the first order using CuK radiation and its dimensions 
were chosen to achieve this resolution with the minimum 
loss of intensity, using the calculated data of Franks.” The 


~ 


cm 
Fig. 1. The low angle scattering camera 
349 
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principal dimensions of the camera are: X-ray focus to film 
distance 34cm, the length of each reflector 6 cm, specimen 
to film distance 5 cm, area of beam at specimen 40 x 80 p. 

Description of the apparatus. The X-ray source is a 
microfocus tube® (by Hilger and Watts Ltd.), mounted on 


a concrete table top to ensure stability. The component 
parts of the camera are screwed to a 1 in. thick plate of 
mild steel which is supported by legs bolted to steel plates 
sunk into the concrete. The X-ray tube is clamped to the 
base plate by means of a trunnion, so that it can rotate about 
a vertical axis passing through (or close to) the focal spot. 
The bending couple is applied to the mirrors by means of 
a focusing screw (Fig. 1). The main features of the reflector 
units are also shown in Fig. 1. The nozzle-shaped guard slit 
(Fig. 3) allows a specimen in the form of a sheet to be 


Fig. 3. 
The guard 
slit 


cm 


oscillated about a vertical axis while in close proximity to 
the slit; this is desirable to ensure high resolution. To set 
the slit, the two fixed jaws are first positioned by means of 
the traverses C and D (Fig. 1) followed by adjustment of the 
movable jaws. The specimen holder, backstop, film holder 
and microscope are mounted on an optical bench which has 
a vertical axis of rotation coincident with the axis of rotation 
of the specimen. This arrangement is useful, though not 
essential, in many applications of microbeam techniques, 
since it facilitates the irradiation of a selected area of the 
specimen and also ensures that the film is perpendicular to 
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the X-ray beam. The end portion of the bench, between the 
normal position of the film holder and the microscope can 
be detached. This allows a vacuum tight box (Fig. 1) to 
be placed over the camera, the seal being effected by means 
of an O-ring clamped against the steel base plate. A box 


Fig.. 2, <From., left. to 
right: microbeam 
camera, X-ray tube with 
modified electron gun, 
low angle scattering 
camera. The cylindrical 
film holders and fiuores- 
cent crystal mount are 
in the foreground 


of the same dimensions is permanently bolted in the corre- 
sponding position below the base plate and contains the} 
mechanism for oscillating and rotating the specimen. The 
use of two similar boxes ensures that no distortion of the 
base takes place on evacuation. The operation of the camera 
in vacuum (or hydrogen) is essential only when using the 
longer wavelength radiations. 

The lower container has a vacuum tight cover plate} 
(removed in Fig. 2) which allows easy access to the motorized | 
drive and the associated circular scale used for setting the} 
specimen at a specific orientation with respect to the beam. | 
The specimen is mounted on two cross slides J and K (Fig. 1), } 
which are used to centre it. For the thin metallurgical}! 
specimens [Fig. 4(b)], employed in low angle scattering} 


Fig. 4. (a) Retaining 


ring and 
(6) Specimen 

The arrow indicates position of specimen in clamp 
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tudies of fatigue, a vertical retaining ring [Fig. 4(a)], in 
vhich the specimen clamp is free to rotate about a horizontal 
ixis, is screwed to the cross slides. The specimen clamp can 
ye accommodated both on the camera and on the fatigue 
nachine, in order that handling of the delicate specimen is 
‘educed to a minimum. 

Adjustment of the camera. The X-ray tube is clamped to 
ts trunnion so that the beam passes approximately along the 
entre of the base plate. The vertical reflector is then rotated 
intil the reflecting surface is roughly parallel to the X-ray 
9eam. A small adjustment of the horizontal traverse A, is 
sufficient to produce a reflected beam which can clearly be 
seen on a fluorescent screen held near the film holder. The 
10rizontal mirror is then adjusted in a similar way. Having 
»btained a beam reflected in turn from both mirrors, a 
critical focusing adjustment can be made. The beam may be 
focused photographically by taking a series of trial photo- 
sraphs for different settings of the focusing screws. A more 
rapid and convenient method relies on the use of a single 
crystal of CsI-TI as a high resolution fluorescent screen. 
This is shown in its mount in Fig. 2, lying between the two 
>ylindrical film holders; when in use, it is placed in the film 
nolder base and may be observed under high magnification 
(x 400). The adjustments consist of translating each reflector 
‘traverses A and B) to obtain the maximum glancing angle 
of incidence consistent with X-ray reflexion: the reflected 
beam flashes into view at the critical angle and the focusing 
screws are then used to form a sharp image. The whole 
procedure can be completed in a matter of minutes. Finally, 
the guard slit is set so that the jaws are just clear of the main 
beam while the backstop (a 0-006 in. tungsten wire) is 
positioned to intercept the beam, by means of the two 
micrometer controls E and F. 

The optical bench is used in the following manner. The 
axis of rotation of the bench is translated laterally (G) until 
t intersects the X-ray beam after which the bench is aligned 
darallel to the beam by means of traverse H. Both these 
dperations are conveniently carried out using the microscope 
and a fluorescent crystal, a thin wire on the specimen holder 
serving to define the axis of rotation. It is observed with the 
microscope which can be brought close to it after removing 
the film holder from its base and rotating the backstop out 
of the path of the microscope. The microscope can now be 
ised either at the focal spot to examine the focus and to 
s0sition the backstop, or at the specimen, without requiring 
any further lateral adjustment. 

To irradiate a selected area of the specimen, a fluorescent 
crystal is placed in the beam at the specimen position and the 
nicroscope is so adjusted that its cross wires coincide with 
the fluorescent image. The crystal is then replaced by the 
specimen which is positioned by means of the traverses J, 
K and L, until the required area coincides with the cross wires. 
[he microscope is not moved during this operation, so that 
he accuracy of location of the selected area depends only 
yn the accuracy with which it can be located in the micro- 
scope and not on the mechanical perfection of the slideways. 

_Two cylindrical film holders (Fig. 2) are used for large 
ingle diffraction work. With the larger one, which has a 
-adius of 5cm, both the low angle scattering and Bragg 
liffraction patterns are obtained on one film. This is con- 
venient for obtaining orientation relationships. The smaller 
iim holder is a 5cm diameter focusing camera of the 
Seemann-—Bohlin type. It can be used to great advantage to 
ybtain sharp, well defined diffraction lines owing to the 
iarrowness of the focused beam. This leads to high accuracy 
n measurement: the width of the (111) reflexion from an 
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annealed silicon powder specimen was less than 20 u. An 
unfavourable feature of this arrangement is that the volume 
of the specimen irradiated is much smaller than that in a 
Seemann-Bohlin camera with a crystal monochromator. 
The exposure times are therefore correspondingly longer, 
while scanning of the specimen will usually be required. 
Performance of the camera. Fig. 5 is the diffraction 
photograph of collagen from a rat tail tendon stained in 


Fig. 5. Diffraction pattern of collagen from stained 


rat tail tendon 


phosphotungstic acid. The first order reflexion (approxi- 
mately 640 A) is clearly visible and the maximum spacing 
which can be resolved is about 1000 A. The exposure time 
was 10 min. For longer exposures, the resolution decreases 
owing to parasitic scatter. Fig. 6 is the diffraction photo- 
graph of collagen from a kangaroo tail tendon, the exposure 
time was 24h. The first order reflexion is still visible; since 
it is heavily overexposed the true resolution is somewhat 
greater than suggested by the photograph. The increase in 
length of successive orders is similar to the patterns obtained 
by Bear and Bolduan.™ For the sake of clarity of repro- 
duction, Fig. 6 is a composite enlargement. The technique 
is due to Mr. Hammond of the Pest Infestation Laboratory 
and will be published elsewhere. 

The camera is being used at present to study the low angle 
scattering from a fatigued metal foil. Results will be pub- 
lished elsewhere, but it is of interest to note the importance 
of irradiating small accurately selected areas. Fig. 7(a and b) 
shows typical patterns from one grain of a fatigued poly- 
crystalline copper foil. The change in the patterns result 
from a rotation of the specimen through 24° about a vertical 
axis. 


TE eri) 


ee 


Fig. 6. Diffraction pattern of collagen from kangaroo 
tail tendon 


(a) | (b) 
Fig. 7. (a) Low angle scattering pattern from grain of 
fatigued copper foil. (6) Same as (a) with grain rotated 
through 23° about a vertical axis 


(Scale on Fig. 7(a) represents 1 mm on original photographs of 
Figs. 5, 6 and 7.) 
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A MICROBEAM CAMERA 


Several methods have been developed to irradiate a 
selected area of a specimen with a microbeam. Lewis 
describes a direct and accurate optical technique; however, 
relatively small specimens are required and the optical 
system employed is not conductive to high definition. A 
modification by Holmes and Fochs“” eliminates the restriction 
on specimen size, but at the expense of a loss in the accuracy 
of location. A combination of various features of both these 
cameras has been used to build an instrument capable of 
examining large specimens, either in transmission or back 
reflexion, with a precision limited only by the accuracy with 
which the required area can be centred on the cross wires of 
a high power microscope. 

The camera is shown in Fig. 2. Collimation is provided 
by a conical hole machined in tantalum or gold disks, 1 mm 
thick, using the technique described by Middleton.“ The 
diameter of the smallest pinhole is 10 u. The specimen is 
placed on a rotary table shown diagrammatically in Fig. 8. 


oxis of 
perotonen 
thin high resolution 
fluorescent screen and 
cross wire : 


specimen 


pinhole 
specimen table 


Fig. 8. 


The microbeam camera 


The bearing is long steel rod held in a closed vee block, all 
the bearing surfaces being hardened and lapped. The 
specimen to film distance may be varied between 1 cm and 
4cm. Integral with the specimen holder is a mount for both 
a single crystal fluorescent screen and a fine cross wire which 
is coplanar with it. 

To align the camera, collimators are placed in the trans- 
mission (not shown) and back reflexion film holders which 
are kinematically mounted on the upper plate (Fig. 2) 
together with the specimen holder. Adjustment of the plate, 
to allow the beam to pass through the system, ensures that 
the beam is perpendicular to the film holders and parallel 
to the slideway. 

For back reflexion work, the following procedure is used 
in selecting a specific area for examination. The specimen 
mount cross wires are made coincident with the vertical axis 
of rotation using traverses M and N (Fig. 8), the microscope 
cross wires are then focused on the image of the beam on a 
high resolution fluorescent screen. Within the limits of the 
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precision of this setting, any object which is focused on the 
microscope cross wires will be both on the vertical axis of 
rotation and in the path of the X-ray beam. Errors which 
arise due to the depth of focus of the objective are un- 
important, because the microscope can be aligned parallel to 
the X-ray beam. The required area of the specimen is brought 
into coincidence with the microscope cross wires using 
traverses M, N and O. The microscope is then withdrawn 
and the specimen is rotated through 180° about the vertical 
axis to bring it into the path of the beam. The camera has | 
been employed in the study of imperfections in metal crystals 
and has also been used successfully in analysing an inclusion | 
of cross-section 40 x 50 pu. 


A MODIFIED ELECTRON GUN 


In the auto-biasing electron optical system used in the 
Ehrenberg and Spear) microfocus tube, it has been found | 
that for the best focus, the position of the filament within the | 
grid cylinder of the electron gun is critical to less than 0-1 mm | 
along the axis of the tube. It is therefore convenient to be | 
able to adjust the filament independently of the grid cylinder | 
while the tube is in operation. The method by which this is | 
achieved is shown diagrammatically in Fig. 9, while the gun | 


LacZ 
FDIS 


filament 


filament 


ntrol Ond |. 
oo grid cylinder control 


Fig. 9. The electron gun 


is shown attached to the X-ray tube in Fig. 2. Care has been 
taken to provide a good bearing surface for the filament slide, 
in order to prevent radial movement of the filament. 
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During the fina! annealing 


process in the manufacture of 4% silicon-iron electrical sheet, the 


temperature at any one time varies horizontally across the plane of the sheets and vertically up 

the stack. The temperature distribution in the horizontal plane of sheets 8 ft « 3 ft x 0-014 in. 

thick has been calculated theoretically and compared with that determined experimentally, By 

combining the results from a number of experiments, the temperature distribution throughout 
a stack of sheets has been obtained at all times during the three-day annealing cycle. 


The final process during the manufacture of hot-rolled silicon 
steel to be used for electrical laminations consists of an 
anneal which ‘lasts for a number of days. The hot-rolled 
sheets are produced in large sizes, up to 10 x 3 ft in area 
and are frequently about 0-014 in. thick. Many hundreds 
of these sheets are annealed at a time and from consideration 
of the method of heating, it was apparent that some parts 
of the stack of sheets received a different heat treatment from 
others. As heat treatment could be related to electrical 
quality, it was hoped to improve the latter by investigating 
the former. Further, during the subsequent stamping of 
electrical sheet into large rotors and stators, distortion took 
place which was thought to be due to internal stresses in the 
steel sheet. This investigation was undertaken to discover 
the manner in which these stresses were caused and, if 
possible, to suggest means whereby they could be reduced. 


WORKS PROCEDURE 


The sheets are stacked on the furnace hearth in the manner 
shown in Fig. 1. The stack is built up on a | in. thick steel 
plate which is raised above the solid foundation of the 


Photograph of stack with thermocouple sheet in 
position 


Fig. 1. 


refractory brick hearth, so that heat can penetrate under- 
neath. It has been found by years of experience that the 
curvature of the stack is essential to avoid buckling of the 
sheets during the annealing process. This curvature is 
obtained by placing a large cast iron wedge under each 
corner of the stack and packing the space between them with 
sand which is smoothed into a curve before the sheets are 
loaded. 

When the stack is loaded, it is covered by an “inner cover” 
made of 4 in. thick corrugated mild steel. This inner cover 
rests on the steel base plate and is made “air-tight” by a 
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sand seal: it remains in position throughout the whole ee) 
until the sheets are unloaded. 

The stack is heated by a rectangular bell-type electric 
furnace which is lowered on to the stack directly after lifting 
off another hot stack. The temperature of the furnace is 
about 500° C when lowered on to the stack, and is raised to 
830° C in about eighteen hours. It is maintained at this 
temperature for a further period of about eighteen hours, the 
actual soaking time being a function of the load of the furnace. 
The furnace is then removed and replaced by an “outer 
cover” made of welded +in. steel plate, which is left in 
position until the stack is cool. To reduce oxidation, a coal- 
gas atmosphere is introduced into the outer cover during the 
cooling part of the ‘cycle; this latter can be as long as fifty 
hours. 


THEO RY, 


Apart from the maximum temperature reached by any part 
of the stack, and the time at that temperature, the temperature 
distribution over any one sheet during the cooling part of 
the cycle is probably the most important factor in the pro- 
duction of satisfactory sheet steel. Consider the case of one 
sheet half-way up the stack. The thermal conductivity of a 
stack of sheets in a vertical direction has been shown experi- 
mentally to be only about one-fiftieth of that in the plane of 
the sheet. As the sheet is very thin compared with its length 
and breadth, it may be treated as a two-dimensional problem 
instead of three-dimensional. 

Consider the cooling of a sheet which is initially at a uniform 
temperature V, and losing heat by radiating from its edges 
into an:atmosphere at zero temperature. According to 
Stefan’s law, the sheet will lose heat at the rate 


OQ = cE(v* — v$) 


per unit area, where o is the Stefan—Boltzman constant, 
E the emissivity of the surface, v the absolute temperature of 
the sheet and vp that of the surroundings. Exact solutions 
of problems on heat conduction in the variable state with 
this accurate boundary condition have not been found 2) 
owing to the complexity of the mathematics. An approxi- 
mate solution, however, may be obtained by assuming that 
Newton’s law of cooling is obeyed, i.e, that the heat flux 
across the boundary is proportional to the temperature 
difference between the surface and the surrounding medium. 
Consider the sheet to lie in the (x, y) plane. The heat flux 
across the boundary is given by —K0ovw/dx, where K is the 
thermal conductivity. Assuming Newton’s law, this equals 
H(v — Vo) where H is called the outer conductivity. 


So Kdv/ox + Hv — vp) = 0 
ie dv/dx + h(v — vp) = 0 (1) 
where h = H/K. 
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Consider the sheet to be a rectangle of length 2/ in the 


x-direction and 24 in the y-direction; take the origin of the 


co-ordinate axes at one corner of the sheet. 
Then Omega] 
and 0<y< 2b 


Carslaw and Jaeger“) have shown that the temperature at 
any time ¢ in this two-variable plane (x and y) may be 
expressed as the product of the solution of uni-variant 
problems. Thus if v = f(x, /, 1) is the solution to the case 
of a region 0 < x < 2/ bounded by two infinite planes 
x = 0 and x = 2), and if v = f’(, b, £) is the solution in the 
y-direction, then the solution to the two-variable problem is 


v=fx,L OF, 6,0) (2) 


Let us first examine, then, the uni-variant problem of heat 
flow between two infinite planes x =O and x = 2/ with 
uniform initial temperature V, and the planes radiating heat 
into an atmosphere at zero temperature. 

The equation of conduction may be written in the form 


dv/dt = Kd*v/dx? (3) 
where « is the diffusivity and equals K/ps, p being the density 


and s the specific heat. 
The boundary conditions may be considered as 


hv — dov/ox = 0 atx =0 E (4) 
hv + dv/ox = 0 at x = 21 (5) 
v = Vwhen t = 0 (6) 
The expression 
exp (—Ka*r) (A cos «x + B sin ax) (7) 


satisfies equation (3). It also satisfies conditions (4) and (5) 


provided that 


—aB +hA =0 
and 
a(B cos 2«l — A sin 2a!) + h(B sin 2a! + A cos 2al) = 0 
From these A/B = alh 
and tan 20] = 2a«h/(a? — h?) (8) 
Hence expression (7) becomes 
A[cos ax + (A/c) sin xx] exp (—Ke?1) (9) 


which satisfies equations (3), (4) and (5), where A is an 
arbitrary constant and a is any root (except zero) of 
equation (8). 

The solution to the problem, then, is given by the series :— 


Terie) {doe 
De an DS) An( cos &,x + — sin otyX) exp (—Kezt) (10) 
eS On 
This series can be integrated term by term, and the values 
of the coefficients A,;, Ay... A, can be obtained in a similar 
way to that for a Fourier series. 
It can be shown simply that 
21 


a he. 
Ai PTO . V (cos OpxX a sin cin) dx (11) 
So by equations (10) and (11) 
rakes Oy COS &,X + h sin a,x 
= ex Ps . 
PA RE CORD) aia pa 
21 
| V(a, COS a,x + hsina,x)dx (12) 
0 
where «, are the positive roots of equation (8). 
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Equation (8) may be put in the form 
2ah 
yori 


sinalcosal ~- dah 
(cos? af — sin? al) a? — h? 


sin 2a! _ 
cos 2al 


ie: 


whence 
(A sin ol + « cos al) (h cos al — «sin al) = 0 


(13) 


Thus by equation (13) the positive roots of equation (12) 
comprise the positive roots of the two equations 


atanal —h=0O (14) | 
acotel +h=0 (15) 


From physical considerations there must be optical 
symmetry about the plane x = /. To allow for this the axes 
are now transferred to have their origin at the point (/, b) 
and the region is bounded by the infinite planes x = +] | 
and x = —/. Then only the cosine terms of the infinite 
series of equation (12) will be operative which reduces to 


and 


a +1 
v ae 5 (h? + a2) COS a,x : 
y AD Kozt) (2 th aes O,xXAXx 


where «, are the positive roots of equation (14). 
By equation (14) j 
a, = hcos «,//sin «,1 


n= oo 


v h?[1 + (cos? ol/sin? a/)] 
sect ee 
ean >) ox ee (a2 + h?)l +h 
(e ze a 
COS Oe ie 
Xp —] 


2h? cos a,x . sin? al 
(a7 + h?)l + h] sin? al.h cos of 


n=o 
= > exp (— xa2t) 
n=1 [ 


2=© Qh cos a,x exp (— Kat) 
eae ee (16) 
nat (ee ho eh cosa 
It has been found more convenient to express this solution 
in terms of the dimensionless quantities :— 


b= xe T =i Die ih ~ 
Using these and putting f,, = /x,, equation (16) becomes 
yy a= 2L cos Br€é 3 
Ve "ene (B2 a v6 ane L?) cos Bn exp ( BT) (17) | 
where f,, are the positive roots of 
BtanB=L (18) 


Thus by the equations (2) and (17) the temperature at any 
point in the sheet at any time is given by 


v 2L cos B,€é 

Vi n=l (B2 Sew bs EL?) Cos Br 

QE COSBe 
2 

F (B2, + Lee sa L’?) COs Br ei ( BinT) 


where L’ and €’ are the quantities in the y-direction corre- 
sponding to L and €. 

From this calculation it is possible to predict the tempera- 
ture distribution, i.e. the pattern of the isotherms for any 
time of cooling ¢. As an example, let us consider the 
conditions after eight hours cooling. 


) n= oo 


exp (— B2T) 


m= 


(19) | 


Thermal conductivity at 830° C = 0:06 cal em~!s~-1° C-1 
Emissivity value used = 0-65 
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Stefan’s constant = 5-72 x 10-5 ergcm~?s~!° C-4 
7 (in the x-direction) = 122 cm 

b (in the y-direction) = 45 cm 

Initial temperature V = 1100° K 

Density = 7-75 g/cm? 

Specific heat s at 800° C = 0-159 

fm OR 


The positive roots 8, of equation (18) 8 tan 8B = 3-165 can 
be determined graphically (by plotting y —=—tanx and 
y = 3:165/x). The expression 

2L cos Bn€ exp (—B3T) 
(62 + L + 17) cos B,, 
can then be evaluated for each value of f,, and summed to 


infinity. This procedure can be undertaken for each value 
of € (from 0 to 1) and a graph of 


n=” 27 cos B,€ exp (—B2T) 
nai (62 +L +12) cos B, 
against € plotted. This is shown in Fig. 2. 


a 


2L cos BE exp pt) 


(pe +L+L2) OSB 
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Fig. 2. Graph for x-direction after eight hours cooling 
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' Fig. 3. Graph for y-direction after eight hours cooling 


| A similar graph can be plotted of 

B= DT COS Be exp. (— eT) 
(82 +L + L?) cos'B, 
Be sinst é’ for the variation in the y-direction (Fig. 3) for the 
same value of t. From these two graphs it is possible to 
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plot € against €’ for fixed values of v/V as given by 
equation (19). 

These curves (i.e. the isotherms) for v/V = 0-9, 0°8, 0:7, 
etc., are shown in Fig. 4. 


tO 


Fig. 4. Theoretical isotherms after eight hours cooling © 


METHOD OF MEASUREMENT 


In order to measure the true temperature distribution it is 
important to disturb this as little as possible by the measuring 
device. The obvious choice for the latter was to use thermo- 
couples owing to their small size and the availability of 
recording equipment. Equipment was available for recording 
the output of twenty-four thermocouples simultaneously. 
It would be impossible to get an accurate picture of the 
temperature distribution of the whole stack for one annealing 
cycle (one heat) with only twenty-four thermocouples, so it 
was decided to arrange the thermocouples at one height only 
for each heat, and to repeat the measurements at a different 
height for the next heat. Care had to be taken to ensure 
that the different stacks investigated were, as near as possible, 
identical. By measuring temperatures at seven heights the 
effective number of measuring points was increased to 168. 

In order to position the thermocouples accurately in the 
stack a thin “sandwich” sheet had to be designed to conform 
to the following requirements: 


(i) it had to be kept as thin as possible to minimize the 
effect on the temperature of the stack; 

(ii) it had to be flexible in order to take up the various 
curvatures at different heights in the stack; and 

(iii) its surfaces had to be smooth, as any projections would 
cause buckling in sheets placed on top of it. The “‘sandwich”’ 
was. made from two mild steel sheets 8 ft x 3 ft x 0-030 in. 
thick separated by strips of mild steel tin. thick. Portions 
of these strips were cut away, and insulated thermocouple 
wire placed in the spaces. A close-up view of the sandwich 
sheet with the top 0-030 in. sheet removed is shown in Fig. 5. 
The assembly is fixed together with small countersunk steel 


Fig. 5. 


Close-up view of “‘sandwich’’ sheet 
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screws. The distribution of thermocouples over the area of 
the sandwich sheet is illustrated in Fig. 6. 

Chromel-alumel 20 s.w.g. thermocouples were used, each 
thermocouple being individually checked against a standard 
before incorporating in the sandwich sheet. The leads were 


Fig. 6. Distribution of thermocouples over the area of 
the sheet 


insulated with 41in. thick re-crystallized alumina twin-bore 
insulators over the lengths within the sandwich where com- 
pactness was an important consideration. Outside the sand- 
wich a cheaper, more bulky type of insulator was used. In 
the initial experiments the thermocouple leads hung freely 
from the edge of the sandwich. After annealing the wires 
became rather brittle, and handling caused fractures. In 
order to protect these leads a simple gutter was fixed to the 
sandwich sheet. This may be seen in Fig. 1: it was supported 
by creep resistant steel brackets. 

The output from the thermocouples was recorded on four 
six-point potentiometric recorders; the time between con- 
secutive records on any one trace was about four minutes. 


EXPERIMENTAL PROCEDURE 


The sandwich sheet was first loaded on to the stack by 
means of a crane and specially constructed lifting tackle. 
The thermocouple leads were led through a hole in the 
furnace hearth and through a 2 in. steel pipe under the sand 
seal to a cold junction box outside the furnace as shown in 
Fig. 7. From the junction box copper leads were taken to 
the recorders. The stack was then annealed in the normal 
way and the temperatures were continuously recorded over 
the complete heating and cooling cycle until the furnace was 
unloaded, a minimum time of seventy-eight hours. In this 


way temperatures were measured at one feight in the stack 
for one heating cycle. In order that results for each height — 

in the stack could be compared and correlated, the weight of 
steel used for each heat was kept constant (eleven tons): this | 
produced a stack 31 in. high above the furnace hearth. The 
material used throughout was a 4% silicon-iron alloy and 
the size of sheets was 8 ft x 3 ft x 0-014 in. 


RESULTS ) 


Temperature measurements were obtained with the sand- 
wich on top of the stack, at the bottom of the stack and at 
heights of 5, 10, 15, 22 and 29 in. above the furnace hearth. 

By considering the thermocouples to lie all in one quarter | 
of the sheet, and plotting the temperature gradients along 
OA, OB, OC, OD and OE, of Fig. 6 at any one height, no 
assumption was made that the temperature distribution of 
the sheet was symmetrical. The small and random scatter 
on the temperature gradient graphs indicated that the 
temperature distribution was indeed symmetrical and the 
symmetrical drawing of the isotherms was justified. Tempera- 
ture gradients were plotted along each of the above directions 
at 4, 24, 36, 44 and 60h after the furnace was placed on the 
stack, at each of the seven heights above the base-plate. 
The times were chosen as they represent various stages of the 
annealing cycle, thus 36h represents the end of the soaking 
period, just before the furnace is removed from the stack. 
The 44 h gradients were plotted as at this time the temperature 
difference between the centre and the edges of any sheet was 
a maximum. From the charts of the temperature recorders 
it would be possible to obtain temperature gradients at any 
time during the cycle. From these gradient curves it was 
possible to construct isothermal contour lines over the area 
of the sheets. These isothermal contours in the (curved) 
plane of the sheets will be referred to as horizontal isotherms. 
From a consideration of all the horizontal isotherms at any 
given time it was possible to construct vertical isothermal 
diagrams. The sections ABCD and WXYZ of Fig. 8 were 
chosen to be representative of the state of the stack. As 
an example of the isotherm patterns occurring during the 
heating part of the cycle, Figs. 9, 10 and 11 show the hori- 
zontal isotherms at a height of I5in. and the vertical — 
isotherms, after four hours heating. Figs. 12 and 13 show | 
the vertical isotherms at the end of the soaking period. — 
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Fig. 7. Vertical section ABCD through the stack in the furnace 
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Fig. 8. Diagram showing sections on which vertical 
isotherms were plotted 
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Fig. 9. Horizontal isotherms, 15 in. up, after four hours 
heating 


Fig. 10. Vertical isotherms, section WXYZ after four 
hours heating 


ee 


Fig. 11. Vertical isotherms, section ABCD after four 
hours heating 


Fig. 12. Vertical isotherms, section WX YZ after thirty- 
six hours heating 
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Fig. 13. Vertical isotherms, section ABCD after thirty- 
six hours heating 


Fig. 14. Horizontal isotherms, 15 in. up, after eight 
hours cooling 


(b) theoretical 


(a) experimental 
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Fig. 15. Vertical isotherms, section WXYZ after eight 
hours cooling 


Fig. 16. Vertical isotherms, section ABCD after eight 
hours cooling 


Fig. 17. Horizontal isotherms, 15 in. up, after twenty- 
four hours cooling 
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The horizontal isotherms, 15 in. up the stack, after eight hours 
cooling (forty-four hours from the start of the cycle) are 
shown in Fig. 14(a). The horizontal isotherms 5, 10 and 
22 in. up, after the same eight hours cooling, showed very 
similar patterns. The vertical isotherms at this time are 
given in Figs. 15 and 16. The thermal condition of the 
stack later in the cooling cycle, sixty hours after the furnace 
was lowered on to the stack, is illustrated in Figs. 17, 18 


and 19. f 
oy 
Fig. 18. Vertical isotherms, section WX YZ after twenty- 


four hours cooling 
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Fig. 19. Vertical isotherms, section ABCD after twenty- 
four hours cooling 


The accuracy with which temperatures could be read from 
the recorder charts was of the order of +1°C for each 
individual thermocouple. A maximum spread of +10°C 
occurred on the thermal gradient curves: the horizontal 
isotherms could therefore be expected to have the same 
degree of uncertainty. This uncertainty was due in part to 
slight variations occurring in the thermocouples with time, 
but was mainly due to the fact that each quarter of the stack 
was not identical. The vertical isotherms, made by combining 
the results of several different anneals, will be subject to 
slightly greater errors owing to small differences in loading 
and other small uncontrollable variables, although every 
effort was made to keep each heat identical. They were 
calculated to be correct within +15° C, 


DISCUSSION OF RESULTS 


The results of the experimental work show that the corners 
of the sheets heat up quicker than the edges, owing to the 
fact that they are heated from two sides; also the time lags 
in both heating and cooling are very great. A scientific 
investigation of this nature into a well-established industrial 
process often shows that the process is very close to the ideal: 
in this case the time of annealing (36 h) has been determined 
in the past without any measurements of the temperature of 
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the stack. These measurements (Figs. 12 and 13) show that 
the majority of the sheets have reached a temperature of 
800° C all over. 

The horizontal isotherms after eight hours cooling indicate 
that a surprisingly large temperature difference exists between 
the centre and the outside edges of the sheets (about 200° C). 
This determination of the thermal conditions occurring during 
the annealing cycle is a necessary preliminary to a determina- 
tion of the thermal stresses during annealing. From these it 
should be possible to evaluate the residual stresses in the cool 
sheets. Lack of reliable data has held up this work. 

The close agreement between the experimental work and | 
the theoretical is apparent from a comparison of Figs. 14(a) 
and (b), the latter being calculated from Fig. 4, with V, the 
temperature at the start of the cooling cycle, equal to 830° C. 
The general shape of the curves is identical and agreement for 
isotherms in the region of 600° C is good. The numerical | 
value of the outer isotherms in the theoretical distribution is, 
however, lower than that found in practice. The predicted 
400° C isotherm was found experimentally to be about 
540° C. This discrepancy is to be expected as the theoretical 
curves were calculated for a sheet radiating heat into an 
atmosphere at zero temperature, whereas, in practice, the | 
stack radiates heat into an atmosphere well above zero, : 
owing to the inter-position of the inner cover (see Fig. 7) | 
between the stack and zero temperature. The temperature | 
of this inner cover falls rapidly from 830 to 350° C after — 
eight hours cooling. Furthermore, radiation from the edges — 
of the sheet was assumed to obey Newton’s law of cooling, 
whereas, in fact, Stefan’s law holds. 

A more accurate calculation, with the correct boundary 
condition, is possible using numerical computing techniques; 
these, however, are likely to be excessively lengthy. 

From the experimental work it is possible to trace the 
thermal history of any part of any sheet in the stack. By 
measuring the electrical watts loss on small strips cut from 
the large sheets, it has been possible using statistical techniques 
to correlate the watts loss (i.e. the quality) of the material 
with the amount of annealing it has received, i.e. the time it 
has been above a specified temperature. 
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Heat-reflecting windows using gold and bismuth oxide films 
By L. HoLianp, F.Inst.P., and G. SmppaLt, Edwards High Vacuum Ltd., Crawley, Sussex 


[Paper first received 20 February, and in final form 16 April, 1958] 


Thin gold films sandwiched between certain metal oxide layers possess a high electrical con- 
ductivity and high optical transparency. They also have a high infra-red reflectance, and may 
be used as transparent heat-reflecting coatings if their yellowish tinted colour in transmitted 
light can be tolerated. The observation window of an enclosure exposed to infra-red radiation 
was coated with different film combinations, and their effectiveness in reducing the internal 
temperature rise determined. The reflectance and transmittance of the coatings were measured 
at A = 0-56 and in the infra-red region using a photometer with a broad bandwidth 
(0-8-2 2). Results are given for the following: plain glass; a high reflecting bismuth oxide film 


eat ages 


/ on glass; gold film on glass; and gold films sandwiched between bismuth oxide and silicon 
monoxide coatings. | Optimum performance was obtained with a Bi,O;/Au/Bi,O; multi-layer 
of 450/130/450 A thickness which had a transmittance of 73 % for green light and a reflectance 


of 74% in the near infra-red region, compared with values of 55 and 35% respectively for a 
gold film of the same thickness without the oxide layers. 


Thin films of gold deposited on base layers of certain metal 
oxides have been found to possess a higher transparency for 
light and a greater electrical conductivity than gold films 
deposited directly on glass. Gillham, Preston and Williams‘) 
have shown that sputtered base layers of bismuth oxide 
improve these physical properties of thin gold films because 
the texture of the superimposed metal coating is made more 
compact and uniform. They also found that the transparency 
and conductivity may be further enhanced by coating the 
outer surface of the gold with a top layer of bismuth oxide. 
When used as a transparent heating element the metal coating 
must be heat treated, at least up to the temperature of its 
subsequent use (usually a maximum of about 250° C), to 
enable defects in the lattice structure to decay and thus 
produce a stable resistance. These results have been con- 
firmed by Holland and Siddall®> who also found that the 
temperature coefficient of resistivity was dependent on the 
film thickness. Ennos®) has repeated this work using 
evaporated gold and bismuth oxide films, and claims that 
evaporated films are more conducting than sputtered layers. 
However, recent tests by the writers have not shown a 
fundamental difference. between films prepared by the two 
techniques. 

It has been reported recently in the U.S.A. that thin 
conducting coatings will strongly reflect infra-red radiation 
up to centimetric wavelengths, whilst giving a high trans- 
mission for visible light. The particular film combination 
used was not stated, and experiments have been made by 
the present authors to determine the value of gold films on 
metal oxide base coatings as transparent heat-reflecting 
mirrors. It was expected that such a film combination would 
be highly efficient for this purpose because of its low optical 
absorption and high electrical conductivity. 


FILM PREPARATION 


Films of gold sandwiched between two bismuth oxide 
layers were prepared on glass plates from nine inches up to 
about two feet square, in order to determine their efficiency 
as viewing windows in enclosures exposed to infra-red 
radiation. The vacuum deposition chamber was three feet in 
diameter and exhausted by silicone oil diffusion pumps. The 
bismuth oxide was sputtered from sector-shaped cathodes on 
to a rotary holder as described by Holland,®) and the gold 
evaporated from a vapour source arranged under the edge 
of the rotary holder to give a uniform coating. The sector 
cathodes were operated from an a.c. high tension supply so 
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that each electrode sputtered alternately on to the work 
plane. The bismuth oxide was deposited in pure oxygen at 
a rate of 1 A/s, using a power input of 3 kV and 0-5 mA/cm? 
of work plate, and the gold volatilized from a molybdenum 
boat at about 20A/s. Both materials were deposited in 
sequence without breaking the vacuum. 

Some experiments were also made using gold films sand- 
wiched between silica layers prepared by evaporating silicon 
monoxide. These films were deposited from molybdenum 
boats placed under the circumference of the rotary holder. 

The test glasses were cleaned before coating by washing in 
Teepol and water, followed by vapour degreasing in iso- 
propyl alcohol for ten minutes. Film thickness measure- 
ments were made by multiple beam interferometry. 


OPTICAL MEASUREMENTS 


The transmittance and reflectance of the coatings were 
measured in the visible region using a tungsten lamp, photo- 
multiplier cell and Wratten filters. Measurements were also 
made in the near infra-red region with a simple photometer 
using a Sentercel germanium junction diode, type PSOA, and 
infra-red lamp. The relative and combined sensitivities of the 
lamp and photocell as a function of wavelength are shown 
in Fig. 1. It can be seen from the curves that the photometer 
has a fairly flat response between 0:8 to 2 uw with a slight 
maximum at 1-5, so that the measured reflectance and 
transmittance values tend to be integrated values over this 
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Fig. 1. Relative and combined sensitivity as a function 


of wavelength of components used in infra-red photo- 
meter 
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wavelength interval. The bandwidth of the photometer also 
covers the wavelength range in which maximum suppression 
of infra-red radiation is usually required. - 


HEAT-REFLECTING WINDOWS 


An apparatus was made for determining the relative 
temperature rise in an enclosure when using observation 
windows coated with different types of infra-red reflecting 
films. The apparatus consisted of a steel box with sides of 
nine inches in length, painted matt black on the inside and 
silver-grey on the outside. The box was heated by a 250 W 
Crompton infra-red lamp which radiated on to a glass 
window coated with the heat-reflecting film under test. 
The effectiveness of a particular film combination as a heat- 
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Fig. 2. The temperature rise in an enclosure using glass 
windows coated with different film materials 
Curve (A) glass; curve (B) 1200 A Biz03-film; curve (C) 130A 
Au-film; curve (D) 65A Au-film between 80A thick BirO3- 
films; curve (E) 100 A Au-film between 80 A thick Bi»O3-films; 


curve (F) 130A Au-film between 450A _ thick Bi2O3-films; 
curve (G) 130 A Au-film between 200 A thick SiO>-films. 


reflecting window could be determined by measuring the 
temperature rise in the interior of the enclosure with a 
mercury thermometer. The results for a range of films have 
been plotted in Fig. 2. The windows tested were as follows: 
(A) uncoated glass; (B) a single layer film of bismuth oxide 
of A/2 optical thickness for a wavelength of 5000 A, so that 
a high reflexion was obtained in the infra-red region at 
about | yw; (C) a plain gold film of 130A thickness; (D, E 
and F) bismuth oxide gold sandwich films with different 
metal and oxide film thicknesses; and (G) a silicon monoxide 


Pel Oa ae 
i 


gold sandwich layer. All of the trial coatings were deposited 
on + in. thick green plate glass. 

The optical properties of some of the different film com- 
binations tested, together with their film thicknesses and the 


maximum rise in the enclosure temperature are given in the | 


table. The resistance values, in {2 per square, are those 
obtained after annealing the film at 300° C. They have been 
included in the table because this affords a simple method 
for roughly estimating film thickness and optical properties. 
From the table it can be seen that a transparent gold film 
on glass is inefficient for reducing the temperature rise of an 
enclosure. This is because it possesses a high absorption in 
the infra-red region and energy is dissipated in the coating 
so that the enclosure is heated by convection. A 4A/2-film 
of bismuth oxide gives almost the same performance as the 
plain gold film, but with the advantage of a much higher 
transmission of visible light. Also a gold film of 65A 


thickness sandwiched between bismuth oxide layers gives a 
temperature rise and visible transmittance which is only | 
comparable with the single-layer bismuth oxide film. How- | 
ever, sandwich layers with a gold film of a 100 A thick or | 


higher produce a marked reduction in the enclosure tempera- 


ture, whilst possessing a reasonable transmittance in the | 


visible region. The best compromise was obtained with a 
130A thick gold film sandwiched between bismuth oxide 
films of 450A thickness. 


coatings on the gold layer when they are 450 A thick. - 
It was found that the sputtered bismuth oxide films of 
i200 A thickness were incompletely oxidized because they 
possessed a high absorption in the visible region. Heating 
the coated glass to about 300°C in air was sufficient to 
reduce the absorption to a low value, but in both cases the 
infra-red absorption was small and unchanged as shown in 
the table. More recent experiments have shown that rapid 
sputtering produces highly oxidized deposits. : 
Heat-reflecting glasses using gold films between oxide 
layers are much easier to produce than the all-dielectric 
multi-layer filters used as heat-reflecting mirrors. Un- 
fortunately, the gold films are yellow coloured in trans- 


mission and are not suitable for use in projectors, etc., where — 


the illumination must be untinted. The writers understand 


that the British Scientific Instrument Research Association™® | 
have incorporated highly conducting gold films in multi-layer — 


interference filters to improve their infra-red reflectivity. 
Such filters are strongly yellow tinted in transmission. 

The gold sandwich films may be used as observation 
windows for use near furnaces and for reflecting solar 
radiation. After satisfactory tests a number of windows 
have been prepared for installation in a crane cabin operating 
near an annealing furnace. 


Some typical properties of thin films used for heat-reflecting windows 


Gold Total 
: thickness resistance Total oxide 
: Window (Q/square) thickness (A) 
Bi,O3/Au/Bi,0, 65 30 160 
Bi,03/Au/Bi,0, 100 10 160 
Bi,O0,/Au/Bi,O, 130 7 900 
SiO/Au/SiO 130 4 400 
A/2-film Bi,O; — = 1200 
d/2-film Bi,O, a = 1200 
(fully oxidized by heat- 
ing in air) 
Au-film 130 a= 


* Maximum temperature rise in enclosure with plain glass = 56° C. 
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+ T = transmittance; R = reflectance; A = absorption. 
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Gillham, Preston and Williams | 
have shown that the bismuth oxide films act as anti-reflexion | 


_Heat-reflecting windows using gold and bismuth oxide films 


The gold and bismuth oxide films could be cleaned with a 
sloth, but, unprotected, would not withstand the harsh 
conditions of a steel factory. Some films were prepared 
using silicon monoxide in place of bismuth oxide, but 
although the resultant film combination was an efficient 
heat-reflecting window, as shown in the table and Fig. 2, 
the durability of the coating was poor. In fact, the results 
obtained with silicon monoxide were contradictory, because 
films of exceptional conductivity were prepared on. this 
material but the gold layers were less thermally stable than 
those on bismuth oxide. 
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Fig. 3. The temperature rise in an enclosure using glass 


windows coated with bismuth oxide and gold of different 

thicknesses (A = 130A, B = 100A). The suffix 1 refers 

to a window with its coating on the inside, and the 

suffix 2 refers to a coating on the outside facing the 

lamp; curves A, and B, are also obtained with an air- 
spaced glass protecting the metal film 


When the coated glass was mounted with the unfilmed 
side facing the radiation, the high reflectance of the gold film 
produced a double absorption of heat by the glass which, 
under the conditions of test used here, often resulted in the 
glass rapidly breaking. The temperature rise measured in 
the enclosure with gold films of two different thicknesses 
when facing and remote from the radiation are shown in 
Fig. 3. The temperature rise was also measured for a coated 
window with the metal film facing the infra-red lamp, but 
protected on the outside with a glass separated from the 
window by an air space which was not sealed at the window 
edges. With this arrangement the protective glass could rise 
in temperature without directly heating the metallized glass 
and thereby the enclosure. No difference could be measured 
in the temperature rise of the enclosure, with and without 
the cover glass, and this was the preferred protective method. 
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A general scheme for the examination of precipitates 


By G. R. Booker, B.Sc., A.Inst.P., and J. Norsury, B.Sc., Ph.D., A.R.T.C.S., F.Inst.P., Richard Thomas 


and inclusions in steels* 


and Baldwins Ltd., Aylesbury, Bucks. 
[Paper received 19 February, 1958] 


A comprehensive scheme is described for the examination of included materials occurring in 
steels using the newer physical techniques. The material is isolated by extraction replicas in a 
form suitable for examination by optical and electron microscopy, electron and X-ray diffraction, 
and X-ray fluorescent and spectrographic analysis. 

Application of the scheme allows the precise form and identity of the included material to be 
determined, even when only small amounts of specimen are available. The extraction replica 
method enables particles up to about 50 uw and less than 0-01 yw in size to be satisfactorily 
isolated and retained for examination. The possibility of modification of the included material 
during isolation is small because only mild chemical treatments are used. The scheme has been 
satisfactorily applied so far to iron and alloy carbides and nitrides, and simple and mixed oxides 


and sulphides present in steels. 


fetallographic methods for the examination of precipitates 
nd inclusions in steels are well established, but since they 
re confined mainly to optical microscope studies on polished 
sections and etching tests, they are subject to certain limita- 
ions. The newer physical techniques, e.g. electron micro- 
copy and diffraction, X-ray diffraction and fluorescence, and 
ptical spectroscopy, have been used to obtain more precise 
formation about included material occurring in steels, but 


* This paper was presented at the Annual Conference of the 
lectron Microscopy Group of The Institute of Physics held in 
angor, September 1957. 
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up to the present a comprehensive scheme embracing all 
these methods of examination has not been available. How- 
ever, following extensive studies made by the authors during 
the last three years, such a scheme has now been established 
which provides detailed information concerning the distri- 
bution, morphology, crystal structure and composition of 
included material occurring in steels. The material is 
isolated by the extraction replica method previously described 
in detail,“-2) and then examined successively by each of the 
physical methods enumerated above. The complete sequence 
of operations which experience has shown to be most suitable 
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for precipitates and inclusions in steels is given, but it may 
sometimes prove convenient or advantageous to change the 
order, or omit some phases, of the examination. 

The main advantages of using the scheme of examination 
are that: 


(i) its comprehensive nature enables the precise form and 
identity of the included material to be determined; 

(ii) significant results can be obtained from small amounts 
of specimen; and . 

(iii) there is little possibility of modification of the included 
material prior to its examination, since only mild chemical 
treatments are used to effect isolation. 


SPECIMEN 
PREPARATION 


METHOD OF 
EXAMINATION 


Optical microscope 


electron microscope 


polish and lightly etch 


metal 


specimen 


give extroction etch; 
form and Strip extraction 


replica; take small 
somples 


electron diffraction 


X-ray diffraction 


remainder of 
use Xeray fluorescent 


extraction replica 


analysis 


spectrographic 
analysis 


(iii) The specimen is re-examined with the optical micro- 
scope. This allows a check to be made on the depth of etch 
and frequently shows more detail of the three-dimensional 
form of the included material. ; 

(iv) A Formvar replica film and a collodion backing film 
are applied to the etched metal surface, allowed to dry, and 
the composite film dry stripped. 

(v) The replica film is examined in transmitted light with | 
the optical microscope in the normal manner, thus enabling 
the success of the extraction process to be determined except 
when the included material is very small. This examination 
reveals additional information concerning the morphology of 
the included material, and enables the colour by transmitted 


INFORMATION TYPE OF - 
OBTAINED INFORMATION 
size, shope ond 
distribution of included 
material 
‘morphology 


more detailed information 


concerning size, shape 
and distribution of 
included material 


crystallographic structure, 
and any preferred 
orientation, of individual 
constituents 


crystallographic structure 
of combined constituents 


most 


crystallographic data 


of the normal 


metallic elements 


all normal metallic 
elements 


elements 


chemical 


Summary of the scheme of examination 


SCHEME OF EXAMINATION 


The general features of the scheme of examination and the 
type of information obtained are summarized in the figure, 
whilst the essential practical details are as follows. 

(i) Polished sections of the specimen are prepared, given a 
normal metallographic etch where necessary, and examined 
with the optical microscope at magnifications of 100, 
<x 600 and x 1000. The types, distribution, size, shape, colour 
and birefringence of the included material are noted. 

(ii) The specimen is etched to a mean depth equal to about 
half the average size of the included material being investi- 
gated, carefully washed with alcohol and dried. Experience 
has shown 10% alcohol-iodine solution to be a satisfactory 
etchant for most types of included material in steels, but 10°% 
nital is also often suitable. Etch times at 18° C are usually 
in the range half to ten minutes, the actual time used in a 
particular instance depending on the etchant, type of steel, 
and size of particles. 
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white light to be observed directly. In addition, transmission 
optical microscope studies on the replicas using polarized 
light may aid in assessing the birefringent properties of the 
material. 

(vi) Disks $in. in diameter are punched from the replica 
film,.mounted on electron microscope grids, the collodion 
backing is dissolved and the films allowed to dry. 

(vii) These films are examined in the electron microscope, 
generally at selected magnifications of «1500 and x 4000 
(but higher if necessary). The examination provides more 
detailed information of the morphology of the included 
material and reveals the presence of any sub-optical micro- 
scopic particles. 

(viii) The same films are then examined by electror 
diffraction. The use of the selected-area method, which i: 
available with three-stage electron microscopes, enable: 
transmission electron diffraction patterns to be recordec 
from individual constituents of the extracted material, thu: 
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llowing the determination of the crystalline structure and 
ny preferred orientation of separate constituents. 

(ix) The collodion backing film is dissolved from the 
emaining, and by far larger, portion of the extraction 
eplica, and the resulting film compressed and extruded 
hrough a fine capillary tube to form a small cylindrical 
pecimen about 0-5 mm in diameter. 

(x) Using a powder camera, X-ray diffraction patterns are 
ecorded from this specimen, and the crystalline structure of 
he bulk included material in’ the extraction replica thus 
letermined. 

(xi) The same specimen is then examined by the X-ray 
luorescent analysis method, and the metallic elements of the 
ncluded material in the replica thereby determined, with the 
xception of some of the commonly occurring light elements, 
2. aluminium, boron and silicon. 

(xii) The same specimen is then available for examination 
yy optical spectroscopy which enables all the metallic 
ements present in the isolated included ‘material to be 
letermined. Since this latter examination destroys the 
pecimen, it is always the last phase in the scheme of 
xamination. 


ADVANTAGES OF THE SCHEME OF EXAMINATION 


The examination of an extraction replica is, in effect, an 
xamination of the included material present in a shallow 
surface layer of a metal specimen, without the inconvenience 
f a metallic matrix. Consequently, if only extraction 
eplicas are to be examined, the high standard of polishing 
f metal specimens required for normal metallographic 
xaminations and electron microscope examinations of 
yrdinary replicas is not necessary, and hence a saving in 
olishing time results. In addition, difficulty experienced in 
he examination of the included material present in heavily 
-old-worked specimens due to the presence of a severely 
strained matrix does not occur in extraction replica examina- 
ions, because the matrix is no longer present. 

As the relative positions of the included material in the 
netal specimen are maintained in the stripped extraction 
‘eplica, the microscope observations made at each stage of 
sxtraction [i.e. paragraphs (i), (iii), (v) and (vii) above] 
‘eadily allow the types of isolated material observed in the 
=xtraction replica to be directly related to the types of 
ncluded material originally observed in the matrix. 
Individual particles can be examined at the various stages of 
sxtraction if the matrix in the neighbourhood of the particles 
is marked before extraction. 

The electron microscope examination of samples from the 
sxtraction replica yields detailed information concerning the 
size, shape and distribution of the isolated material, including 
particles in a size range below that which could usefully be 
studied in a normal metallographic examination. 

If the material isolated in the replica is crystalline and of 
suitable shape and size, then the X-ray diffraction analysis 
zives accurate crystallographic data concerning the types of 
included material in the extraction replicas, whilst the 
slectron diffraction studies establish the crystallographic 
structure and any preferred crystallographic orientation of 
individual constituents. 

The X-ray fluorescent and spectrographic examinations 
show which metallic elements are present in the isolated 
material, and hence considerably aid the identification. As 
hese analyses and the X-ray diffraction analysis are all 
serformed on the same specimen, the results may be directly 
correlated. 


VoL. 9, SEPTEMBER 1958 


363 


A general scheme for the examination of precipitates and inclusions in steels 


AMOUNTS OF INCLUDED MATERIAL REQUIRED 


Sufficient included material for the optical microscope, 
electron microscope and electron diffraction studies is 
normally readily available in the extraction replicas, as the 
amounts required are extremely small. On the other hand, 
experimental results have indicated that about 20 ug of 
isolated material is necessary for X-ray diffraction and X-ray 
fluorescent analyses and about 100 vg for spectrographic 
analysis. 

The amount of material isolated depends on the surface 
area covered by the extraction replicas, the weight per cent of 
included material in the metal specimen, the depth of etch, 
and the shape, size and distribution of the particles. How- 
ever, for normal commercial steels, experience has shown 
that about 20 jg of isolated material can be obtained using 
extraction replicas from specimen areas about 10 cm? in size. 

For convenience of preparation and storage, the metal 


specimens are usually cut with cross-sections about 2 cm 


square, and mounted in Bakelite to yield a cylindrical mount 
+in. in diameter. Polyvinyl formal (Formvar) is not 
recommended as a mounting material, since it is softened 
during the replica-making process. If one extraction replica 
from the 4 cm? surface area of the specimen proves inadequate, 
additional extraction replicas are obtained and combined for 
subsequent analysis. In some instances, suitable extraction 
replicas may be obtained successively without repolishing the 
specimen. Experience has shown that this procedure may be 
used satisfactorily for profusely distributed carbide and 
nitride precipitates, but should not be used for non-metallic 
inclusions, as these latter particles are generally present in 
steels to only a small extent, and extraction replicas containing 
the largest possible number of such particles are desirable. 
The cutting and orienting of metal specimens for mounting 
usually presents little difficulty when the specimens are 
originally in the form of slabs or plates. Thin sheet specimens 
can conveniently be mounted with the plane of the sheets 
parallel to the Bakelite mount surface that is to be polished, 
and the polishing continued until the region of interest is 
exposed over the whole area of the specimen. The same 
procedure can be employed with metal specimens containing 
parallel surface layers of differing composition, such as steels 
that have been case-hardened by nitriding or carburizing. 


TYPES OF INCLUDED MATERIAL 


Included material occurring in steels is normally present 
as particles up to about 25 py in size, although larger particles 
sometimes occur. The particles may be in the form of rods, 
plates, globules, or irregularly shaped material. The suita- 
bility of the electron and X-ray diffraction methods for 
examining such material, if crystalline, depends on the size 
and shape of the particles. Thus, electron diffraction patterns 
from solid particles greater than about 0-1 x in size are not 
necessarily characteristic of the bulk of the material com- 
prising the particles, since such particles are in general not 
completely penetrated by the electrons. Significant electron 
diffraction patterns can be obtained, however, from particles 
having appreciable maximum dimensions (e.g. 10 ,.), if they 
are sufficiently small in other directions. Hence, the large 
rod-like and plate-like precipitates occurring in steels 
frequently yield good electron diffraction patterns. Individual 
plate-like precipitates usually give regular “two-dimensional’’ 
spot patterns, indicating that they are single crystals. Since 
the nature of the patterns from such precipitates depends on 
their orientation with respect to the electron beam, additional 
information may be obtained by recording further patterns 
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with the replica inclined at large angles to the electron beam, 
and by scanning the replica during the exposure. The former 
technique is useful when examining individual precipitates 
because it enables further atomic planes to contribute to the 
diffraction pattern, whilst the latter allows the relative average 
intensities of individual diffraction rings from a large number 
of randomly oriented precipitates to be ascertained. 

On the other hand, in X-ray diffraction analysis, solid 
particles less than about 0:1 4 in size may be difficult to 
detect, as broadening of the diffraction lines will probably 
occur. X-ray diffraction effects from particles of large 
maximum dimension, but of the order of 0:1 yw or less in 
other directions, may also be difficult to detect. Furthermore, 


, 


mainly on the carbon and alloy content of the steel, and is 
normally in the range 700 to 1000°C. Sometimes a weak 
y-Fe pattern is obtained from retained austenite, but this 
comprises only a few lines and has a negligible interfering 
effect. The heat-treatment does not appear to have any 
effect on the composition of the normal types of inclusions 
occurring in steels. 


DISCUSSION 


The application of the newer physical techniques allows 
significant results to be obtained from very small amounts of 
isolated material and, therefore, since small steel specimens 
are suitable, information beyond the scope of other methods 


The types of electron diffraction and X-ray diffraction patterns normally obtained from included materials occurring in steels 


Type of material Physical form 


Size range 


Types of diffraction pattern obtained 


< About 0:1 wu 
in diameter 


““One-dimensional’’ 


ED—Good: spotty ring patterns from groups. 
XRD—None, or poor. 


{ 


| 
| 


(rods) > About 0-1 ED—None, or poor. 
in diameter XRD—Good. 
ED—Good*: “‘two-dimensional”’ single crystal patterns 
< About 0:1 yw from individual plates, spotty ring patterns from 


““Two-dimensional’”’ 


in thickness 


groups. 


Precipitates (plates) XRD—None, or poor. 
> About 0-1 pu ED—None, or poor. 
in thickness XRD—Good. 
< About 0-1 4 Soe : spotty or continuous ring patterns from 
“Three-dimensional”’ in diameter XRD—None, or poor. 
(e.g. globules) 
> About 0-1 pu ED—None, or poor. 
in diameter XRD—Good. 
Tachisioue Mostly Normally about ED—None, or poor.* 


“three-dimensional” 125510 


XRD—Good. f 


ED, electron diffraction; XRD, X-ray diffraction. 


* Additional information often obtained by tilting the replica and/or scanning the replica during the exposure. 
+ The small and/or irregularly shaped particles are more likely to give electron diffraction patterns. 


In some inyestigations, constituents of one type may possess a size range sufficient to enable electron diffraction patterns to be 
obtained from the smaller, and X-ray patterns from the larger, particles. 


X-ray diffraction patterns from such particles may differ from 
the normal ‘“‘powder’’-type pattern in that the relative inten- 
sities of the lines are altered. 

The types of diffraction pattern normally obtained from 
precipitates and inclusions encountered in steels, and their 
relationship to the shape and size of the particles, are 
summarized in the table. 


REMOVAL OF INTERFERING CARBIDES 


Extracted material from commercial steels often contains 
a large amount of cementite (Fe,;C). This is unfortunate for 
X-ray diffraction studies, because the diffraction pattern from 
cementite consists of many lines, which may obscure weaker 
lines from other constituents. The method found most 
effective in eliminating the pronounced cementite pattern has 
been to remove the interfering carbides prior to extraction, 
by annealing the steel specimen at a temperature slightly in 
excess of that necessary to put the carbides into solid solution, 
and then rapidly quenching it. This temperature depends 
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can often be obtained. The use of the same extraction 
replicas for all the phases of the scheme of examination, and 
the comprehensive nature of the examination, enable the 
precise form and identity of most types of included material 
to be determined. 

Several advantages result from using the extraction replica 
method described herein for isolating the included material 
from the matrix as follows. 

(i) The technique involves the minimum dissolution of the 
matrix for isolation, the depth of etch being merely that 
necessary to loosen the particles lying in the surface of 
polished metal sections. As this depth normally corresponds 
to about one-half of the average size of the included material, 
any chemical reactions between the etchant and the included 
material is likely to be extremely small. For example, using 
a 10% alcohol-iodine solution, the period for which the 
specimen and included material are in contact with the 
etchant is only a few minutes, compared with several hours 
for normal bulk extraction methods. 

(ii) Previous investigators?-# using extraction replica 
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echniques have encountered difficulty in isolating particles 
reater in size than about 1 jx due to the lack of strength of 
he plastic replica film after etching through it. The present 
echnique, however, does not suffer from this limitation. 
articles up to about 50, and less than 0-01 y, in size 
ire satisfactorily extracted and retained for subsequent 
-xamination. 

(iii) Since the replica films are applied after the specimen 
vas been etched, carefully washed with alcohol and dried, 
hey are completely free from etching debris and staining. 

(iv) Fragile particles, such as thin plates and small- 
Jiameter rods, receive substantial mechanical support from 
he replica film, and so do not disintegrate during isolation 
or Subsequent examination. 

Although the scheme enables the form and identity of the 
neluded material to be precisely determined, estimations of 
he relative amounts of the various types of material may not 
9€ quantitative, especially if the mean sizes of the particles 
of each type are widely different. The scheme is, however, 
particularly useful for the study and identification of non- 
netallic constituents which are not satisfactorily isolated and 
‘etained for examination by some of the conventional bulk 
sxtraction methods. Consequently, although the scheme may 
10t give strictly quantitative results, it enables considerably 
nore information to be obtained concerning many types of 
ncluded material than has been previously possible. 

It is not always essential, nor advisable, to carry out the 
whole scheme of examination on each specimen. The results 
of the early parts of the examination often indicate whether 
succeeding parts may be omitted. Thus, if the extracted 


‘material is found to consist of very small, thin particles, it is 


unlikely that X-ray diffraction studies will give useful in- 
formation, whilst in all probability electron diffraction will 
not make a significant contribution towards the identification 
of large solid particles. 

The general scheme of examination as a whole or in part 
has been applied to the examination of iron and alloy carbides 
and nitrides,“ and simple and mixed oxides and sulphides 
present in steels. The only material hitherto encountered 
with a composition which has been difficult to determine has 
been the glassy, amorphous type of inclusion. 
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The thermoelectric properties of n-type and p-type bismuth telluride between 150 and 300° K 
have been measured and the figure of merit for thermoelectric applications has been calculated. 
This figure of merit has been shown to be highest for material with an electrical conductivity of 


about 1000 (2-1 cm~! with current flow parallel to the cleavage planes. 


Its value at 290° K 


corresponds to a maximum cooling by means of the Peltier effect of about 65° C, and an 
efficiency of thermoelectric generation of 1°% for a 25° C temperature difference. 


1. INTRODUCTION 


[he possibility of refrigeration by means of the Peltier effect 
ising semiconductor thermocouples was considered in 
954.) At that time some preliminary experiments had 
yeen carried out using the semiconductor bismuth telluride 
Bi,Te;) for the positive branch of a thermocouple in which 
he negative branch was the metal bismuth. It was reported 
hat a cooling of 26° C below the ambient temperature had 
yeen achieved. Later, when both p-type and n-type Bi,Te; 
vere available, a cooling effect of 40° C was observed,” but 
ven this is considerably less than the peak performance that 
s possible. The results which will be reported here show 
hat, at a mean temperature of 17° C (290° K), the maximum 
ooling effect that may be obtained with the compound is 
bout 65° C. Estimates of the coefficient of performance for 
hermoelectric refrigeration and of the efficiency for thermo- 
lectric generation will be made, and the possibility of further 
mprovement will be discussed. 


* G.E.C. Communication No. 762. 
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2. FIGURE OF MERIT FOR THERMOELECTRIC 
APPLICATIONS 
Altenkirch® showed that the performance of a thermo- 
electric refrigerator could be related to the thermoelectric 
power, the electrical conductivity and the thermal conduc- 
tivity of the thermocouple elements. A figure of merit 
involving these quantities may be defined as 


a Kn pe 


(1) 


where o = thermoelectric power (V °C~!) 
« = thermal conductivity (W cm! °C~!) 
o = electrical conductivity (Q2~! cm~!) 
T = mean absolute temperature (°K). 


The suffixes p and 7 refer to the positive and negative branches 
of the thermocouple; for semiconductors they refer to p-type 
and n-type material respectively. 

The maximum coefficient of performance for refrigeration 
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¢, defined as the ratio of the heat extracted to the electrical 
energy supplied, is given in terms of 6 by 
Dee T[d + 6) — 1] ; 
AT[(A + ®F+ 1) * 
AT = temperature difference between the thermo- 
couple junctions. 


(2) 


where 


This coefficient of performance can only be realized if an 
optimum current is passed, and if the dimensions of the 
thermocouple branches obey a certain simple relationship.” 
However, Ioffe and others“ have shown that this last con- 
dition is not critical and have also demonstrated that, if the 
values of the parameters which determine 9 are temperature 
dependent, and if the Thomson effect is taken into account, 
then the mean value of 6, over the range of temperature, may 
be used in equation (2) to a high degree of accuracy. The 
maximum temperature difference is obtained by setting 
¢& = 0 in equation (2), and then 


G +.@?)2— 1 
(i + 67) + 1 


The same figure of merit 6 applies equally well to thermo- 
electric generation. In this case the quantity of interest is 
the efficiency 7s. When the resistances of the load and the 
generator are equal:©) 


b = 1/[t + 27/ATO + 2/9] A) 


A slight improvement in the efficiency may be obtained by 
adjustment of the load resistance, but for materials at 
present available the effect is very small. 

Equation (4) shows that, as for an ideal thermodynamic 
machine, the efficiency is improved if the temperature 
difference AT is increased. Otherwise, for both generation 
and refrigeration, the problem reduces to that of finding the 
thermocouple combination which gives the highest value of 
the figure of merit 6. 

It is now generally realized that some semiconductor 
thermocouples are preferable to the best metallic thermo- 
couples, since the higher thermoelectric power more than 
compensates for a reduction in the ratio of electrical to 
thermal conductivity. It has been shown that the 
highest figures of merit are obtained by the use of semi- 
conductors in which the factor F, given by 


F = (p/ko) (m*/m)3/? (5) 


is as great as possible. Here kp is the lattice component of 
the thermal conductivity, is the mobility of the charge 
carriers and m*/m is the ratio of their density-of-states 
effective mass to the free-electron mass. : 

For a series of elements in a group of the periodic table, 
e.g. diamond, silicon, germanium, the thermal conductivity 
decreases with rise of atomic weight. A similar trend is 
found for a series of compounds such as the alkali halides, 
or the III — V intermetallic compounds. Since the carrier 
mobility does not appear to decrease with rise of atomic 
weight it is clear that a high atomic weight (or mean atomic 
weight in the case of compounds), is favourable. It is, 
however, difficult to predict the best series of semiconductors 
since, for a series with a range of high mobilities (correspond- 
ing to covalent-bonding), the thermal conductivities are also 
high. Conversely, ionic compounds having low thermal 
conductivities also have low carrier mobilities. Possibly 
some of the best materials may have bonding which is inter- 
mediate between covalent and ionic. 

A more detailed consideration is complicated by the fact 
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that the mobility and the effective mass are interdependent. 
For a simple covalent-type semiconductor with a single 
conduction or valence band, having spherical energy surfaces, 
the mobility depends on the effective mass according to“ 


be oc m*— 5/2 


The factor F is then proportional to m*~!. However, if the 
binding were partly ionic in nature, the mobility would be 
less dependent on the effective mass. Moreover, for ionized- | 
impurity scattering“) 

pe oc m*~4 


and Ioffe‘) has suggested that a certain amount of impurity 
scattering could be advantageous if the increase of the kinetic 
energy term in the expression for the thermoelectric power 
more than compensated for the decrease in mobility. How- 
ever, we shall confine our attention to covalent-type scattering 
since this would seem to be predominant in Bi,Te3, the 
semiconductor with which we are particularly concerned. 
For non-spherical energy surfaces there is no longer a 
single effective mass.{!) It is important to distinguish between 
an inertial mass m; and a density-of-states mass m*. For a 
single-valley semiconductor 


pe Oo m; } m*— 3/2 


so F is inversely proportional to m;. For a many-valley | 
semiconductor, !) ignoring inter-valley scattering, : 


6) 


where N is the number of valleys. In effect, this relation | 
implies that the mobility depends on the inertial mass m;. 
and also on a density-of-states mass for a single valley which | 
is N~2/3 times the overall density-of-states mass m*. Thus. 


Fo N/m; 


wo Nm! m*-3/? 


It is therefore concluded that the inertial mass should be 
low and the number of valleys should be high, with the 
reservations that too low an inertial mass may make ionized- 
impurity scattering important, and that multiplicity of 
valleys could lead to inter-valley scattering. 

Drabble and Wolfe“'* have shown that a six- or possibly 
a twelve-valley model is applicable to Bi,Te3, and that the 
inertial mass is low, so that the above requirement is met. 
This, combined with the effect of the high mean atomic 
weight, would account for the large figure of merit of Bi,Te3. 


3., THERMOELECTRIC PROPERTIES 
TELLURIDE 


OF BISMUTH 


3.1 Thermoelectric power and electrical conductivity. An 
ingot of Bi,Te; may be formed by heating an evacuated 
sealed tube, containing the elements in the correct pro- 
portions, to about 600-700° C, and allowing it to cool 
slowly. However, such an ingot is found to be inhomogen- 
eous and to consist of small, randomly orientated crystals. 

If Bi,Te; is zone-melted, very much improved ingots are 
obtained, and, furthermore, the addition of impurities can 
be adequately controlled. Although the cleavage planes 
within such ingots are not coplanar, they are alined with the 
direction of zone-refining. Samples cut from such ingots 
have, therefore, been suitable for use in measurements with 
gradients parallel to the cleavage planes. Most of the results 
outlined in this Section have been obtained with such samples, 
but some single crystals have also been measured and their 
properties have not been found to differ from those of zone- 
refined material. The discussion in Section 3.3 of the 
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isotropy of Bi,Te; is based on results obtained from single- 
rystal specimens only. 

Bismuth telluride, when prepared from the pure elements in 
he atomic proportions 2 : 3, is always p-type with an elec- 
rical resistivity at room temperature of about 2 x 107-3 Qcm. 
V-type material may be produced by the addition of one of 
he halogens. P-type Bi,Te; of reduced resistivity is obtained 
ising, for example, lead or cadmium as the acceptor impurity. 

The measurements of ‘thermoelectric power, electrical 
onductivity and thermal conductivity over the tempera- 
ure range 150-300° K have been reported in detail else- 
vhere.“!5» 16) Here, only the results which affect the 
yerformance of Bi,Te; thermocouples will be considered. 
‘ig. 1 shows a plot of thermoelectric power against electrical 
-onductivity for p-type and n-type material at 300° K. 


a (avec!) 


earig. 1, Thermoelectric power against electrical con- 
ductivity for Bi,Te3; at 300° K 

- Over most of the range covered A-—B, the thermoelectric 
yower increased as the electrical conductivity decreased, but, 
‘or low electrical conductivities B-C, the thermoelectric 
yower was again reduced. This was due to the presence of 
s0th electrons and holes, resulting in mixed conduction; the 
mergy gap of Bi,Te; is only about 0-16eV."” Clearly, 
material in the range B—C is unsuitable for thermoelectric 
upplications. 
The plots of thermoelectric power against electrical con- 
juctivity, other than in the range of mixed conduction, were 
‘ound to depend very little on the temperature. No depen- 
lence on temperature at all would be expected. if, as in the 
simplest semiconductor model, the mobility were proportional 
o T~3/2 and the effective density of states!) were propor- 
jonal to 73/2. However, for non-degenerate Bi,Te, the hole 
nobility is proportional to T~!:?4 and the electron mobility 
s proportional to T~!:7.4°) Thus, in both cases, the 
variation of mobility is greater than for simple covalent 
attice scattering. This is, however, compensated for by a 
nore rapid variation of thermoelectric power with tempera- 
ure than would be expected from the simple theory. 

3.2 Thermal conductivity. Fig. 2 shows the variation of 
hermal conductivity with electrical conductivity for n-type 
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and p-type Bi,Te; at 300° K. The total thermal conductivity 
« is the sum of a lattice component Kp and an electronic 
component «,. For a non-degenerate semiconductor, in 
which the mean free path of the charge carriers is independent 
of their energy, it is to be expected that“ 


K, = 2(k/e)2oT (7) 


k = Boltzmann’s constant 
e = electronic charge. 


where 
and 


Thus, if the lattice component is constant, the plot of thermal 
conductivity against electrical conductivity, at a given 


30 


x (Wem'°C") (10%) 


| 2 
oe (diemXx10*) 
Thermal conductivity against electrical con- 
ductivity for Bi,Te3 at 300° K 


Bigs s2: 


x= n-type Ohi p-type 

temperature, should be a straight line of slope 2(k/e)*T. 
The fact that the results, shown in Fig. 2, differ for n-type 
and p-type material is due partly to a difference in the 
dependence of mobility on temperature for electrons and 
holes, and partly to the dependence of the lattice thermal 
conductivity on the electrical conductivity for n-type Bi,Te; 
when doped, as in this case, with iodine.“® The curvature 
for the higher electrical conductivities is due to an increase 
in the Lorenz number in the range of partial degeneracy, 
and the rise of thermal conductivity for low electrical con- 
ductivities, in the range of mixed conduction, is due to the 
transport of ionization energy by hole-electron , pairs.“ 
Since we are concerned with substantially extrinsic Bi,Te; 
this last effect is not important in thermoelectric applications. 

As will be seen from equation (7), the electronic component 
of the thermal conductivity rises with temperature, but the 
lattice component falls from a value of 0:0268 W cm—! °C~! 
at 150° K to 0:0157 Wcm—! °C~! at 300° K. The variation 
of the total thermal conductivity with temperature depends 
on the particular value of the electrical conductivity. 

3.3. Anisotropy. Bismuth telluride forms trigonal crystals 
which cleave very readily perpendicular to the c-axis. Of 
the properties with which we are concerned, the least 
dependent on orientation is the thermoelectric power. In 
fact, for p-type Bi,Te; the thermoelectric power appears to 
be isotropic,?™ but for n-type material having a thermo- 
electric power of about —200uV° C~! with the thermal 
gradient parallel to the cleavage planes, the thermoelectric 
power in the perpendicular direction is about 20 pV° C7! 
less. 

The ratio of the electrical conductivity in the cleavage 
planes to that in the perpendicular direction is about 2:7 : 1 
for p-type material over the whole temperature range which 
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has been covered. For n-type material the same ratio rises 
from 4:0: 1 at 150°K to 4:75: 1 at 300°K. The lattice 
component of the thermal conductivity with the gradient 
along the cleavage planes is about 2-1 times its value for the 
perpendicular direction. 


3.4 Figure of merit for BiyTe, thermocouples. The results 


given in Sections 3.1 and 3.2 enable the figure of merit at 
300° K to be calculated for thermocouples consisting of 
n-type and p-type Bi,Te; covering a wide range of con- 
ductivity. There are three variables, namely, the figure of 
merit, the electrical conductivity of the p-type branch and 
the electrical conductivity of the n-type branch, but it is 
found that the optimum figure of merit occurs for a couple 
consisting of n-type and p-type Bi,Te; of approximately equal 
conductivities. Consequently, in Fig. 3, the figure of merit 0 
has been plotted against the electrical conductivity which has 
been assumed to be the same for n-type and the p-type 
material. It will be seen that the electrical conductivity can 
depart quite widely from the optimum value before the figure 


O08 This 7] 
O75 aa mee 
is) 
O7 
we “05 re 15 20 
o (a'tcm')(xIO%) 
Fig. 3. Figure of merit against electrical conductivity 


at 300° K 


of merit is reduced below, say, 90°% of the maximum value. 
It is interesting to note that the optimum thermoelectric 
power for both p-type and n-type Bi,Te3 is quite close to 
+200 pV° C-! in good agreement with the theoretical 
predictions. ®) 

The optimum thermoelectric power below 300° K should 
not be very dependent on temperature, so, since the relation- 
ship between thermoelectric power and electrical conductivity 
does not change appreciably with change of temperature, the 
optimum electrical conductivity should still be quite close to 
1000 £2~! cm~! as the temperature is lowered. In order to 
determine the change of the maximum figure of merit with 
temperature it is necessary to know the variation of the 
thermal conductivity. Fig. 4 shows the variation of thermal 
conductivity and thermoelectric power with temperature, for 
n-type and p-type Bi,Te3 with an electrical conductivity of 
1000 £2~!cm~!. In Fig. 5 the corresponding figure of merit 
is plotted against temperature. In view of the fairly flat 
maximum of Fig. 3 it is thought that Fig. 5 should equally 
well represent the plot of maximum figure of merit against 
temperature. 

Above room temperature it is probable that the optimum 
electrical conductivity would rise above 1000 Q~! cm~!, 
since, at higher temperatures, this electrical conductivity 
would correspond to the range of mixed conduction. How- 
ever, the maximum figure of merit should continue to increase 
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up to about 150°C, and should not fall below the room 
temperature value until about 300° C is reached unless the 
temperature dependence of one or other of the relevant 


250 3 


200 


K Wor 2C-(x 10%) 


lal (uVOC") 


Fig. 4. Thermoelectric power and thermal conductivity 
against temperature for an electrical conductivity of _ 
1000 Q-! cm~! 


semiconductor properties changed. For example, the work 
of Vlasova and Stil’bans?!) suggests that the rate of change | 
of carrier mobility with temperature is more rapid above } 
300° K than below this temperature. 


4. COEFFICIENT OF PERFORMANCE FOR 
REFRIGERATION WITH BISMUTH TELLURIDE 
COUPLES 


It will be seen from Fig. 5 that the figure of merit for a | 
Bi,Te; couple at 290° K is 0-76. The coefficient of per- } 
formance for refrigeration can be calculated from equation (2) } 


O8 
O7 
<) 

Ob ted 
O5 

O04 . 

ISO 200 250 300 
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Fig. 5. Figure of merit against temperature 
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ising this value for 0. In Fig. 6 the coefficient of performance 
nas been plotted against the temperature difference for a 
mean temperature of 290° K (17° C). It will be noticed that 
the maximum temperature difference is 66° C; this difference 
should become higher at greater mean temperatures than 
290° K and correspondingly lower at lower mean tempera- 
tures. At 150°K the maximum temperature difference 
would be not more than about 14° C. 

The attainment of the maximum temperature difference 
requires perfect thermal insulation of the cold junction and 
of the thermocouple branches. The nearest approach to this 
condition is obtained in a high vacuum and the performance 
of a Bi,Te; couple in a vacuum has therefore been studied. 
The temperature of the cold junction of the couple, which 
consisted of a negative branch with a thermoelectric power 
of —210u~V°C~! and a positive branch with a thermo- 
electric power of +190 1. V° C~!, was measured with a very 
fine gauge copper-constantan thermocouple. With a mean 
temperature of 292° K a cooling effect of 64° C was observed. 
The fact that this is so close to the theoretical maximum 
cooling shows that contact resistances at the junctions must 
have been negligible.@ 

Fig. 6 shows that a coefficient of performance of unity can 
be attained only when the temperature difference is less than 


OS 


O 1 AO) 40 60 80 
ATCC) 
Fig. 6. Coefficient of performance for refrigeration 
against temperature difference for Bi,Te; thermocouples 


at a mean temperature of 290° K 


22°C. Since part of the overall temperature difference must 
be associated with the transfer of heat between the thermo- 
couple junctions and the surroundings, it is clear that the 
coefficient of performance of a thermoelectric refrigerator 
consisting of Bi,Te, couples must be considerably less than 
that for a conventional compressor-type refrigerator. 


5. EFFICIENCY OF GENERATION WITH Bi2Te3 
COUPLES 


In Fig. 7 the efficiency of thermoelectric generation with 
Bi,Te,; couples, calculated from equation (4), has been 
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plotted against the temperature difference, again assuming a 
mean temperature of 290° K. This diagram shows that the 
efficiency would be about 1% for every 25° C temperature 
difference available. 

It is difficult to envisage many applications where the mean 
temperature would be as low as 290° K. The use of large 


2 
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Fig. 7. Efficiency for generation against temperature 
difference for Bi,Te3; thermocouples at a mean tempera- 
ture of 290° K 


40 50 


temperature differences, in order to obtain increased 
efficiencies according to equation (4), might involve mean 
operating temperatures of 200° C (about 500° K) or higher. 
Measurements of the thermoelectric properties of Bi,Te; have 
not so far been made above 300° K so the prediction of 
efficiencies at higher temperatures can only be speculative. 
It is, however, apparent that the efficiency for a given tem- 
perature difference will be higher than that given in Fig. 7 
if the mean temperature rises above 290° K, in view of the 
rise of the figure of merit 6 with temperature shown in Fig. 5. 


6. CONCLUSIONS 


The measurements on the properties of Bi,Te3; have con- 
firmed its early promise as a thermoelectric material. It has 
been found possible to achieve a figure of merit, as defined 
in equation (1), of 0:76, at a mean temperature of 290° K. 
This corresponds to a maximum cooling by means of the 
Peltier effect of 66°C and an efficiency of thermoelectric 
generation of 1% for a 25° C temperature difference. 

Bismuth telluride couples should find immediate laboratory 
applications in cooling units for dew-point hygrometers 
and in vacuum thermopiles for which the same criteria 
apply. 

The comparatively high figure of merit makes thermo- 
electric refrigeration on a larger scale a practical proposition. 
It appears, however, that still higher values of the figure of 
merit are needed to make it attractive commercially. 

Ioffe and others?) have shown that the thermal con- 
ductivity of a semiconductor may be reduced by the addition 
of an isomorphous material, and that the carrier mobility 
need not be affected. One alloy of Bi,Te3; with Bi,Se3; seems 
promising?” and a study of Bi,Te3 alloys should lead to a 
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further improvement in the figure of merit. Our most 


recent work has confirmed this expectation.@*) 
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The flow of heat in a parallel-faced infinite solid 
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A solution is given for the problem of heat conduction in an infinite slab in which one face is 
subjected to a linearly decreasing thermal flux Q(1 — af), there being no flow of heat at the 
parallel boundary. This solution may be applied to the problem of braking with uniform 
Typical curves illustrating the agreement between transient temperatures 
determined theoretically and experimentally at different points in the slab are given. 


deceleration. 


In a recent series of papers,“!~) solutions have been presented 
for the flow of heat through an infinite slab in which one face 
is subjected to a thermal flux linearly decreasing with time, 
the methods used being based on the Fourier series and on 
the method of images. By using the Laplace transformation, 
however, a more elegant solution of the problem can be 
obtained. 

This method of analysis is described below. It is of interest 
as it enables the temperatures reached at the interface between 
a brake drum and lining, or at any point within the contacting 
bodies, to be readily calculated provided the deceleration is 
constant. The errors introduced by considering the cylin- 
drical portion of the drum to be developed into a flat rect- 
angular plate. and the heat flow to be uni-dimensional are 
small enough to be neglected. For constant deceleration, the 
rate of heat generation H can be shown to diminish linearly 
with time f, i.e. H = Q(1 — at) where Q and a are constants. 


THE EQUATIONS AND THEIR FORMAL SOLUTION 


Consider the linear flow of heat in a solid initially at zero 
temperature and bounded by a pair of infinite parallel planes 
at x = 0 and x = d, such that at x = 0 there is no flow of 
heat perpendicular to the plane and at x =d there is a 
flux Q(1 — at) into the solid. If v, K and k denote the tem- 
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perature, thermal conductivity and diffusivity. respectively, — 
the solution of the following differential equation is required: | 


ov 1 dw 


with the conditions 
w/dx =O at x =0 (2) 
and K(ov/dx) = OU — at) at x =d (3) 
Introducing the Laplace transform of v, defined as 
= | exp (— pt) . v(x, f) dt 
0 
the equation to be solved becomes 
(d*0/dx*) — (p/k6 =0 (<x <d) (4) 
subject to dt/dx =Oatx =0 (5) 
d Orsi a 
d is ( ) ig 
an Pree ade Avec —eed (6) 
The solution to equation (4) is 
® = Acoshgqx + B sinh qx (7) 


where g = (p/k)?. 
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Using the boundary conditions (5) and (6), @ finally reduces to 


oR 


Expressing the hyperbolic functions in terms of negative 
exponentials and expanding in a series by the binomial 
theorem, one obtains 


5) cosh qx (8) 


q sinh qd 


K, ~ 2) cfexw [- ad = 0)] + 
+ exp [— g(d 4 x)]} % exp (— 2nqd) (9) 
prs Aa) Sy exp {= glu + Dd + x]} + 


ae i) exp {— g[Qn + Id + x}) (10) 


Inverting the transform™ gives 


Kv Ol ag Ne ee es See! 
EEN Ys | 
OK ai PAL erf c aks Lierfc aki! 
Qn+1)d—x , (Qn + 1)d+x 
a 3 fnie3. 
ast Se erf c kD! L i? erfc rt) | 


(11) 
where i” erfcx = i fe Mert-cydy s(n St 2 338, 
Pe 


a 


with i erfex=erf ex = xP (— y*)dy 


The function i” erf c x for various values of n and x has 
been considered by Hartree,©) the results being given in 
tabular form (see also Carslaw and Jaeger,“ Appendix II). 

If T is the total time for which the flux is applied, then 
a AT 

Further, if.we put x = sd(0 < s <1) and A = d/[2(k1)*] 
equation (11) may be expressed as 


kv 


Ok: as Qf x [ierf c(2n + 1 — s)A +ierfc(2n+1+45)A] 


si [Perfc(QQn+1—s)A +Perfc(2n+1 +s)A] 
‘ (12) 


Therefore, if O, K, T, d and k are known, the transient 
temperatures for particular values of the parameters ¢/T 
and s may be evaluated from equation (12). 

The above relationship can readily be used to determine 
the temperature reached at the interface between a brake 
lining and a brake drum which is being uniformly decelerated. 
In this case s = | and the expression reduces to 


872 
ify 


Dt 
Shull 


Ko 2t? 


| 
1 


bee rE erf c2nA_ (13) 


+ 41% S) ierf c2nd — 
n=1 n=1 


Equation (13) is rapidly convergent for values of A normally 
encountered, the number of terms required increasing only 
when d is small or ¢ large. 
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The temperature gradient at any point in the solid dv/dx 
may be determined by differentiation of equation (12) 
ov 


Rey = 


cba en [erf c(2n + 1 — s)A — erf c(2n + 1 + s)A] 


-€ ad 7 [i7 erfc(2n + 1 —s)A —Perfc(2n’'+1+5)A] 


(14) 
APPLICATION OF THEORY 


If a brake lining slides against a rotating cast iron drum 
and produces a constant drum deceleration fcm/s*, then 
after ¢ seconds of braking from an initial speed u cm/s the 
instantaneous speed is (uw — ft)cm/s. Hence, the instan- 
taneous energy H generated at the friction surface is 


= (Fu/A,J) [1 —(ft/u)] = OA — at) (15) 


where A, = area of brake linings (cm?); F = tangential force 
acting at the friction surface (dyn); J = mechanical equivalent 
of heat, taken as 4-18 x 10’ erg/cal; Q = Fu/A,J; and 
= ff. 

Using suffixes | and 2 for drum and lining respectively, the 
heat dissipated into each solid is 


AH, = Q,\1 — at), Hy, = Q,(1 — at) 


where Joke doby—wal 


The values of Q; and Q, may be determined by the con- 
dition of equal temperatures at the common surface of drum 
and lining. To a first approximation this is given by the 
first term of equation (13) 


01K, (1 MK 
2Q, (kt)? ~ a : : 2Q>(k yt)? 
where v;, V2 are the temperatures of drum and lining respec- 
tively, relative to the ambient temperature, during one appli- 
cation of the brake, from which 
Q,  Ky(k;)t Ay 
Q; K(k)? A, 


(16) 


(17) 


Since the working surface areas A; and A, of drum and 
lining are different, the net heat absorptions are in the ratio 


HyA, B A ,Ky(k)* 
HyA, A, K(k) 


In the brake of a typical family saloon car, A; and A, 
were 238 and 146 cm? respectively, K, = 0:12 cal/em xs x° C, 
k, =0:12cm?/s, d, = 0-64cm and K, = 0-0018 cal/cemx 
xs X °C, ky =0-0033 cm?/s, d, =0-48cm. The term 
H,A,/H,A, represents the fraction of the total energy dissi- 
pated in the brake lining, which for the above example is 
1/18-08. Hence, from a knowledge of H and the physical 
properties of the contacting bodies, Q,; and Q, may be 
evaluated. Finally, from equation (12) the temperature at 
any position in the drum or lining may be calculated. 

Experimental verification of equation (12) for the case 
when the lining possesses the physical quantities given above 
(from which A, = 4-38/t+) has been obtained by measuring 
transient temperatures inside the linings at positions s = 0-6, 
0-85 and near s=1-0. The stopping time 7, from an 
initial sliding surface speed of 436 cm/s, was 5s, thereby 
resulting in a value of 1-96 cal/cm* x s for Qo. 

Temperature measurements during each application of the 
brake were made by copper-constantan thermocouples, the 
outputs of which were fed into an amplifier and then to an 


BRITISH JOURNAL OF APPLIED. PHYSICS 


(18) 


T. B. Newcomb 


t (S$) 


Typical curves of transient temperatures at different 
positions in a brake lining 


O = experimental measurements 
-+- = calculated temperatures 


Evershed and Vignoles recorder having a response of approxi- 
mately ;5s. The agreement between temperatures deter- 
mined experimentally and theoretically from equation (12) 
at various times during the braking application are illustrated 
graphically in the figure. Each experimental point contains 
the mean of at least four measurements, the scatter in indi- 
vidual measurements about their mean being of the order 
+5%. These experimental curves show agreement to within 


10% of the theoretical values. 
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Studies of the viscosity and sedimentation of suspensions 
Part 4.—Capillary-tube viscometry applied to stable suspensions 


of spherical particles* 


By G. H. HiccinsotHam, Ph.D.,t D. R. OLtver, Ph.D.,t and Prof. S. G. Warp, Ph.D., D.I.C., 


Department of Mining, University of Birmingham 


[Paper first received 23 January, and in final form 7 May, 1958] 


A description is given of a series of measurements of the viscosity of stable suspensions of 


spherical particles in an efflux-type capillary-tube viscometer. 

It is shown that a form of wall-effect is present in the tube, which causes the apparent viscosity 
of the suspensions to decrease with decreasing tube-size. The suspensions are shown to behave 
as though a layer of pure liquid were present along the tube walls, though the layer appears 
to be only hypothetical in nature. The values of the wall-layer thickness obtained in the present 
work are used in a brief assessment of a recently-proposed “‘concentration” theory of wall 


effect. 


The final values of the relative viscosity, corrected for wall effect, show no dependence on 


absolute particle size or particle size-range. 


All series of results are shown to be governed by 


a single type of equation, which reduces to that of Einstein at very low values of the volume 


concentration. 


INTRODUCTION 


The well-known equation of Einstein”) for the relative 
viscosity 7, of a stable suspension of smooth, equisized, rigid 
spheres is 


qr = ln =1+ke (1) 


* Parts 1 and 2 of this paper, ““The viscosity of suspensions of 
spherical particles’ and “‘The viscosity and sedimentation of 
suspensions of rough powders,” were published on pp. 286 and 
325 of Volume 1 (1950) of this Journal. Part 3, ‘‘The sedimentation 
of isometric and compact particles,’ was published on p. 83 of 
Volume 6 (1955) of this Journal. 

t+ Now at Simon Carves Ltd., Cheadle Heath, Stockport. 

+ Now at Department of Chemical Engineering, University of 
Birmingham. 
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where 7 and 79 are the absolute viscosities of the suspension 
and dispersing liquid respectively, c is the volumetric con- 
centration of the spheres and k is a constant equal to 2:5. 
The relationship applies only to very dilute suspensions, the 
upper limit of concentration, according to Roscoe,” being 
well below 0:05. Several workers‘?-) have made theoretical 
and experimental attempts to develop a relationship which 
would be valid over a wider range of volume concentrations. 

Vand) included in his work a theoretical examination of 
the change of behaviour produced by the presence of a rigid 
boundary on a flowing suspension of spherical particles. He 
proposed the hypothesis that the suspension would behave as 
if there were, along the wall, a layer of fluid of viscosity equal 
to that of the pure liquid. The thickness D of the layer was 
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related to the radius r of the particles by the expression 
D=1:30Ir. Measurements carried out using Ostwald 
viscometers showed effects which could be attributed to a 
wall layer of the above type, but the thickness of the layer 
was found to vary considerably with the solids concentration 
of the suspensions. 

Maude and Whitmore“! have recently suggested that wall 
effects in capillary tubes can be explained in terms of a 
reduction of solids concentration in the tube, caused by a 
reduced stay-time of certain particles which travel close to 
the walls. These particles, it is argued, are constrained by 
the wall to travel along faster-moving streamlines than they 
otherwise would have done; their time-average concentration 
is therefore reduced. The theory was tested by actual 
measurements of the solids concentration in a flowing 
suspension, and the results were in fairly good agreement 
with the theory. It was shown that, with a few simplifying 
assumptions, the postulated change of concentration could 
be related to the thickness of a hypothetical layer of fluid, 
of the Vand type, along the tube wall. 

The work now to be described was carried out in an 
efflux-type capillary-tube viscometer and was designed to 
investigate not only wall effects but also the relative viscosities 
of stable suspensions of spherical particles, as measured in 
such an instrument. 


FUNDAMENTAL APPROACH 


Vand considered that the effect of the constraint of the 
tube walls on the spherical particles of a flowing suspension 
would be to increase their volume concentration in the 
ratio 1/(1 — r/a)*, where r and a are the respective radii of 
the particles and tube. This concentration correction factor 
was not proved, but may be obtained by assuming that, since 
no sphere centre can lie within a distance r of the tube wall, 
the effective increase of concentration of sphere centres in the 
central region of the tube is 

a@i(a—r) or 1/1 = ra) 

It is submitted that this factor gives merely the geometrical 
increase of concentration of sphere centres in the central 
region of the tube (radius a —r) and not the change of 
concentration of solid matter in the tube as a whole. The 
constraint of the walls results only in the displacement of 
certain particles towards the centre of the tube, the change 
in the concentration distribution constituting a form of wall 
effect. It does not seem justifiable to apply the above ratio 
as a concentration correction factor; it is omitted in the 
present work. 

Maude and Whitmore’s work led to the conclusion that 
the concentration of spherical particles in a flowing suspension 
should be decreased, and not increased, as a result of the 
constraint of the tube walls on the particles. Since, however, 
the concentration change was assumed to account directly 
for the wall effect, the phenomenon being investigated, it 
would be unsound to attempt to apply a concentration 
correction factor. 

In this paper, therefore, the volumetric concentration c of 
spherical particles in a suspension is taken to equal the solids 
concentration in the clean vessel into which the suspension 
flows after passage down the capillary tube. 

Regarding the wall effect, the following principles will be 
followed: 


(1) any redistribution or change of concentration of the 
particles in the suspension resulting directly from the 
mechanical constraining effect of the walls will be 
treated as part of the wall effect itself; and 
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(2) since the exact nature of the wall effect is open to some 
doubt, hydrodynamical and concentration effects being 
difficult to separate, a simple model of the Vand 
“fluid layer” type will be used where practicable. The 
test of the model will be that it gives consistent and 
reproducible results for viscosities measured in tubes 
of different diameters, the particle size and volumetric 
concentration of the solids in the suspensions being 
varied over a wide range of values. 


SUSPENSIONS 


The systems used were suspensions of sieved size-fractions 
of spherical particles of a methyl methacrylate polymer in an 
aqueous glycerol solution of lead nitrate containing 0:01 % 
dispersing agent (Dispersol O.G.). The density of the liquid 
was adjusted to equal that of the particles. The size- 
distributions of the spheres were substantially flat-topped; 
size characteristics are shown in Table 1. 


Table 1. Size characteristics of spherical powders used 
Nominal Mean Size ratio 
size-range diameter largest particle 
Sample — (w) (uw) smallest particle 
(a) 178 — 152 165 1:47 
(b) 176 — 76 127 2°34 
(c) 89 — 76 82-5 koa Wy 
(d) 76 — 53 64-5 1-43 


THE EFFLUX-TYPE CAPILLARY-TUBE VISCOMETER 


This instrument, described in Appendix 1, is a development 
of the consistometer of DeVaney and Shelton.“ Important 
improvements were the provision of accurate systems of 
temperature and flow-rate control, and the replacement of 
an open discharge by a suspended level discharge. The 
instrument could be used to measure absolute viscosities 
with an accuracy of +1°%% in capillary tubes of three different 
diameters. All measurements were made at a temperature of 
20 + 0-1° C; the flow in each capillary tube was laminar in 
character. 


CONCENTRATION MEASUREMENT 


Suspensions of approximately the required concentrations 
were prepared, poured into the upper vessel of the instrument 
and stirred. The accurate value of the concentration of each 
suspension was obtained after timings of the flow had. been 
carried out. A sample of the suspension was allowed to pass 
from the capillary tube into a weighed beaker, after which 
the beaker was re-weighed. A final weighing of the washed, 
dried particles completed the information required to 
calculate the volume concentration of solids in the suspension. 


VISCOSITY MEASUREMENTS 


A series of preliminary tests using liquids of standard 
viscosities showed that, for the present instrument, the 
capillary-tube end correction factor n was zero whilst the 
kinetic energy correction factor m was equal to unity. The 
viscosities of the suspensions and dispersing liquids could 
therefore be calculated from a suitably modified Poiseuille 
equation.) For each suspension prepared, three series of 
three measurements of the time taken for the lower bulb to 
fill were made, each series being carried out with a different 
back pressure applied at the lower end of the capillary tube. 
The object of this procedure was to find out whether the 
viscosity of the suspensions varied with the rate of flow 
down the tube. No such non-Newtonian behaviour was 
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observed in any suspension of volume concentration below 
40%. 

The mean value of the measured viscosity of each 
suspension was divided by the viscosity of the pure dis- 
persing liquid to give the apparent relative viscosity of the 


MEASURED RELATIVE VISCOSITY 


20 pepe 
VOLUME CONCENTRATION (°c) 
Fig. 1. Typical examples of curves showing variation 
of apparent viscosity of suspensions with volume con- 
centration of solid phase for particles in the size range 
89 — 76 uw 


Curve A, tube diameter 3 mm; curve B, tube diameter 2 mm; 
curve C, tube diameter 1 mm. 


the relative viscosity on tube size is also illustrated by the | 


curves: this is in accordance with the theories of Vand and 
of Maude and Whitmore.“® Table 2 summarizes the 
measures values of the relative viscosity 7, obtained in 
different-sized tubes, read off at intervals of concentration 
Ota 


ele) 


0-2 


: Oo 10 20 30 


VOLUME CONCENTRATION (%) 


Fig. 2. Typical curves showing relationship between 
the quantity (1 — 1/n,) and volume concentration for 
particles in the size range 76 — 53 wu 


Curve A, tube diameter 2 mm; curve B, tube diameter 1 mm. 


Table 2. Measured values of relative viscosity 


Size range of spheres (2) 178 — 152 173 ==="16 eh = IK 76 — 53 
Capillary -tube diameter 1-0 2:0 3-0 D0) 3:0 iP(0) 2:0 SO) 1-0 2-0 
(mm) 
Volume concentration (°%) 
25 1-04 1-05 1-05 1-05 1-06 1:04 1-05 1-06 1-05 1:06 
520 1:07 1-10 1-11 ical (ori 1:10 Lai ipod) vou ili 2 
HES) eee 1-16 Ls hotly 1-18 1-16 1S 1-20 1-18 1-20 
10-0 Lipo Lf 1223 £-25 1-24 1:26 1-23 Wena 1-28 12S 1-29 
12-5 1-24 1-30 1-34 (hegpy 35 1-30 1-36 1-38 1:34 1-39 
15-0 iho} 1-39 1-43 1-41 1-45 (O38) 1-47 1-49 1-44 bOI 
GAS) 1-45 1-48 1-54 hes bas} teS2 1-60 1-63 1-56 1-65 
20-0 1-63 1-59 1-67 1-64 IEF 1-65 ksi 9 1-69 1-82 
22-5 1-86 (hes 1-83 1-79 1-86 1-85 192 1-98 1-86 2-03 
DSAY) 2-05 2:29 
17-5 226 2°59 
30:0 2-48 2°91 
B25 ETS) 3-30 


suspension in the particular tube used. Curves were drawn 
showing the variation of apparent relative viscosity with the 
volume concentration of the suspensions; typical examples 
are shown in Fig. 1. These curves were of the same form, 
illustrating clearly the breakdown of the Einstein equation“ 
for suspensions of finite concentration. The dependence of 
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In order to provide the data required for the application of 
Vand’s method* of determining the thickness D of the 
hypothetical layer of pure liquid along the tube walls, values 
of the quantity (1 — 1/n,) were plotted against the volume 


* See Appendix 2. 
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Table 3. Values of D/r 
Mean diameter of spheres (j2) 165 127 82:5 64-5 
Capillary-tube diameters (mm) 1-0 and 2:0 and 2-0 and 1-0 and 2:0 and 1-0 and 
DEO 3-0 3-0 2:0 3:0 2:0 
Concentration range over which 
D/r is constant (°%) 0-10 0-20 0-22-5+ 0-18 0-22-5+ 0-30 
Value of D/r 0-802 Oe gh by 0-631 0-776 0-665 0-695 
Mean values of D/r 0:76 0-63 On72 0-70 
Table 4. Values of relative viscosity corrected for wall effect 
\ D/r = 0-70 (mean value) 
Size range of spheres (1) 178 —-152 178 — 76 89 — 76 76 — 53 
Capillary-tube diameter * 1-0 2:0 3-0 "2-0 3-0 10) 2-0 3-0 1-0 2:0 
(mm) 
G Volume concentration (%) = 
2-5 1-07 1-06 1-06 1-07 1-05 1-06 1-07 1-06 1-06 
5:0 ier fe13 1-14 1-14 1-13 1-14 13 1:14 1:14 
75 1°21 fe22) eo) 12d 1221 1:22 1222 1-22) 1-22 
10-0 Hoshi 1-31 1-30 1-30 1-31 1-31 1°31 1-32 1-32 
12-5 1-41 1-42 1-41 1-40 1-41 1-43 1-42 1-44 1-44 
15:0 Tesys) 1-54 1-54 1-54 1ZS5; 1-56 1255 1:59 1-58 
Was) 1-70 1-70 1-70 1-69 1-76 1-73 1:72 1-76 1-76 
20-0 1-89 1:88 1-88 1-88 1-99 1-93 1-91 1-98 1-98 
22°5 2°19 PNG: DD 2:08 2:39 2AT 2-15 2:26 2-26 
25-0 2:62 2-62 
DTS 3-06 3-07 
30-0 3-56 3-57 
325 4-29 4-27 
Values of K in equation ; ; 
p= (1 + Ke)! 2-36 2234 2-34 D283 2239 235 2:35 2:46 2:46 


concentration of the suspensions. Typical results are shown 
in Fig. 2. The lines were straight, in some cases up to con- 
centrations of nearly 30°%, and this led Oliver and Ward) to 
suggest a modified form of the Einstein relationship 


nr = UL — Ke)! (2) 


In this equation K is an experimentally determined constant 
syaluated after correction of the viscosities for wall effect. 

The values of D/r, obtained as in Appendix 2, are sum- 
marized in Table 3. The mean of these figures, D/r = 0-70, 
was used to correct the measured relative viscosities for wall 
effect, giving the results listed in Table 4. The values of K 
for these series of viscosity measurements vary between 2:33 
and 2-46. 


DISCUSSION OF RESULTS 


The results confirm the conclusion of previous workers !% 


that the tube radius affects values of the measured viscosity. 
Moreover, the Vand “‘fluid layer’ hypothesis provides a 
satisfactory basis for assessing the wall effect in capillary tubes, 

The values of D/r do not show the type of variation with 
volume concentration which was noted in the experimental 
work of Vand, though at the higher concentrations a fall 
in the apparent value of D/r occurs. The effect is most 
noticeable in measurements where the tube diameter is small, 
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* Viscosities not corrected due to early curvature of graph of (1 — 1/n,) against concentration. 


and always results in the bending of the graph of (1 — 1/n,) 
against concentration towards the corresponding line for a 
larger diameter tube (Fig. 2), It is felt that the deviation of 
this line is due to particle-particle or particle-wall interactions 
which depend on the freedom of movement permitted to the 
particles in the tube. It is significant that the upward 
curvature of the lines always begins for values of cr/a between 
1-5 and 2:0; thus for a given particle size the curvature 
begins at smaller concentrations in tubes of lower diameters. 
It was originally thought that the above effects might be 
obtained if there were actually present at the walls a layer of 
pure liquid, which the particles could penetrate at sufficiently 
high volume concentrations. A high-speed ciné film, how- 
ever, showed particles rolling down the walls and in contact 
with them. This indicated that Vand’s wall layer was, at 
best, hypothetical in nature. 

For results unaffected by the above type of behaviour, the 
line relating (1 — 1/n,) and concentration begins to bend 
slowly away from the axis of (1 — 1/7,) at a concentration 
of approximately 28%. The position of this point of break- 
down of the viscosity-concentration equation”) has been 
shown to vary slightly with the type of instrument used.© 

The mean values of D/r, for particles of mean diameters 
165, 127, 82-5 and 64-5 pt, were 0-76, 0:63, 0:72 and 0-70 
respectively. These figures may be compared with Vand’s 
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theoretical value of 1-301. Maude and Whitmore’s theory, 
in its simplest form,“ gives D/r = 0-50, though reasons 
are suggested for this figure being too low. Experimental 
measurements by these workers, based on the change of 
concentration observed in a flowing suspension, gave values 
of D/r varying between 0:57 and 0-74 for a tube of diameter 
1-876 mm and particles of mean diameter 96-5. The 
scatter of these figures is largely due to the difficulty of 
measuring the solids concentration in the tube. A suspension 
was allowed to flow steadily down a capillary tube, after 
which a finger was placed over the lower end of the tube 
and a microscope cover-slip over the upper end. The con- 
centration of the solids in the capillary was then obtained by 
washing, drying and weighing the particles present in the 
tube. This figure was compared with the solids concentration 
of the suspension which had flowed out of the tube. 
Results are quoted for only one tube size and one particle 
size range, the concentration range being reported as 16 to 
21%; it is not therefore clear whether the values of D/r 
would show variation with any of these factors. There is, 
nevertheless, fair agreement between the figures given by 
Maude and Whitmore and those reported in this paper. A 
concentration change is therefore the possible cause of the 
major part of the wall effect though more experimental 
evidence is required to substantiate the theory. 

The “‘concentration”’ theory offers a satisfactory explanation 
of the fact that no appreciable wall effect has been discovered 
in rotating-cylinder viscometers./® It should be pointed 
out, however, that in their proof of the proposition that the 
distribution of spheres should not alter the measured viscosity 
in this type of instrument, Maude and Whitmore assume the 
validity of Oliver and Ward’s empirical equation. If an 
equation such as that of Einstein“ is used, the concentration 
distribution appears to affect the measured viscosity. The 
absence of a significant wall effect in rotating cylinder visco- 
meters therefore provides evidence in favour of the use of 
the empirical equation, if the “concentration”? theory is to 
be accepted. 

The final series of corrected relative viscosities show 
consistency, which is reflected in the values of K quoted at 
the foot of the Table 4. These figures may be compared 
with Einstein’s theoretical value of 2:50, since the equation 
Hy = = Kc) ~! reduces to that of Einstein at very low values 
of the concentration. The measured values are all somewhat 
below 2:50, but it is worthy of note that measurements in 
rotating cylinder viscometers have been found to give values 
slightly higher than 2-50. It is possible that the different 
conditions of shear encountered in these types of instrument 
affect the value of K, provided the particles in the suspensions 
are not extremely small with respect to the instrument; in 
this case the local shear distributions around each particle 
should be the same as that obtaining if the suspension were 
being sheared ideally, i.e. between infinite parallel plates. 
Under these circumstances the viscosity of the suspension 
should not be dependent on the type of instrument used. 


each size-range of particles used, the viscosity of the sus- 
pensions showed marked dependence on the diameter of the 
tube in which the measurement was carried out. Following 
Vand, the behaviour was described in terms of the thickness 
D of a hypothetical layer of pure liquid at the tube wall. 
The ratio between the value of D and the mean particle 
radius r was found to vary little over wide ranges of volume 
concentration, a mean value of the ratio being 0-70. This 
figure is in fair agreement with those obtained by Maude and 
Whitmore,“ from measurements of the concentration of a 
suspension flowing down a capillary tube. 

The final series of relative viscosities, corrected for wall 
effect, can be described by the equation 

=e Ke) 

where 2°33 < K< 2:46 and c<0:28. At higher values 
of the concentration the actual viscosities were lower than 
those predicted by the equation. 
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APPENDIX 1 
The efflux-type capillary-tube viscometer 


The instrument (Fig. 3) is constructed of glass and consists 
of three main sections, connected by ground glass joints 


(E and K). The sections may be conveniently termed the 
S 
| | 
i 
See, D 
is 
Ee 


G 
H, 


WATER 
CIRCULATION ——* 


a) a 


The results confirm the value of Einstein’s constant 2-50, H, 
though his equation can only be used for very dilute sus- ES 
pensions of spherical particles. The modified equation 
Ho he 2 Seyi J 
gives satisfactory agreement with experimental results up to 
volume concentrations of approximately 30°%%. 
CONCLUSIONS 
The suspensions of spherical particles -behaved as M 
Newtonian fluids at volume concentrations below 40%. For Fig. 3. Diagram of the capillary-tube efflux viscometer 
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eservoir, the capillary and the receiver. Support is provided 
yy an adjustable mounting (not shown) which enables the 
apillary section to be set exactly vertical. 

The upper reservoir A is a cylindrical vessel surrounded by 
1 jacket through which water of controlled temperature may 
ye circulated. A twisted nickel-plated stirrer B driven by a 
notor C is fitted to the removable lid of the vessel; excessive 
wirling of the liquid is prevented by nickel-plated baffles D 
“onnected to metal rings at the upper and lower ends of the 
vessel. 

The viscometer has six interchangeable water-jacketed 
apillary sections F, of nominal lengths 15 and 25 cm (1 mm 
liam.), 30 and S0cm (2 mm diam.); 45 and 75cm (3 mm 
liam.). The upper end of the capillary section is a ground 
slass cone’ which fits into the socket situated centrally in the 
1emispherical base of the reservoir. The entrance of each 
apillary tube \is bell-mouthed; the lower end widens into a 
mall egg-shaped bulb G. Liquid flows down the walls of 
his bulb to form a “‘suspended level” discharge. The bulb 
arries a side-arm and three-way cock H,, which may be 
‘onnected to a back-pressure system. The lower end of the 
yulb leads into a vertical drain tube J, which passes through 
he second ground glass joint K and ends in the lower bulb 
of the receiving section. The water jackets surrounding the 
ipper reservoir and capillary section are connected in series 
nd the temperature of the water is controlled thermostatically 
0 within 0-05° C. 

Each.of four receiving flasks, of either 30 or 100 ml. 
apacity, consists of a central bulb calibrated between fiducial 
narks on upper and lower cylindrical extensions, the ends 
of which carry ground-glass joints. The upper joint K fits 
ato the capillary section; the lower fits into a small spherical 
vulb M held in place by rubber bands N. A side-arm with 
_ three-way tap H) is attached to the flask L above the 
entral bulb and may be connected to the back-pressure 
stem. This system enables positive or negative pressures 
‘0 be applied to the base of the capillary tube and to the 
eceiving flask, so that the rate of shear of the fluid in the 
‘apillary may be varied. 
| In using the instrument the time required for the level of 
he fluid in the receiving flask to rise from the lower to the 
pper fiducial mark is measured. The effective mean forward 
ressure causing flow of liquid through the capillary tube is 
aken as the logarithmic mean of the initial and final forward 
/ressures. 
| APPENDIX 2 


Yand’s method of determining the thickness D of the hypo- 
thetical layer of pure liquid at the tube wall 


- The following method, due to Vand, was used in order 


Studies of the viscosity and sedimentation of suspensions 


to obtain the values of D from the measured series of relative 

viscosities of the suspensions. 

From the usual equations for the flow of a liquid through 

a capillary tube in which a wall layer of lower viscosity is 

present, it may be shown that 

1/7, ae es H,/,x ae 1) 

where 7, = correct relative viscosity of the suspension 

Nx = apparent relative viscosity of the suspension as 
measured in tube “x” 

H,, = correction factor due to the presence of the 
hypothetical layer of liquid at the wall, appro- 
priate to be “x 

The value of H,, is defined by the equation 

H, = (1 — Dja,)~* 2 
where D = thickness of hypothetical layer of pure liquid 

and a, = radius of capillary tube “x.” 

With similar notation, for apparent viscosities measured in 

two capillary tubes “x” 


(1) 


and 


x” and “‘y” of different diameters, the 
ratio H,./H, may be obtained ant equation (1), Le. 
sha ee i (1 Ba 1/7,)/A at 1/7,x) 
It now follows from equation (2) that 
(H,/H,)'* = 1 —Di/a, i — Dia) (4) 
Since (A, PEL) 4 a, and a, are known, the value of D may 
be ealeulated from hie equation for viscosities measured in 
any pair of tubes of different radii. The figures were divided 
by the mean particle radius r to give the values of D/r 
summarized in Table 3. 


(3) 
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_ Energy balance in disk seal oscillators at ultra-high frequencies. 


By M. R. Gavin,* D.Sc., and L. J. Hersst,f Ph.D., College of Technology, Birmingham 


range 500-2000 Mc/s. 


1. INTRODUCTION 


he use of valves for the conversion of energy from d.c. to 
c always involves some inefficiency. Under favourable 
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Energy measurements were made on DET 22 (CV 273) disk seal triode oscillators in the frequency 
It was found that most of the input power from the d.c. supplies could 
be accounted for by the a.c. output power and the power dissipated at the electrodes, including 
the heating of the cathode coating by h.f. currents. 


conditions a triode oscillator may convert about 70% of 
the power taken from the anode d.c. power supply to useful 
alternating power in the load. The remaining 30% is dis- 
sipated as heat by electron bombardment of the anode and 
grid electrodes, or by ohmic, dielectric or radiation losses in 
the associated circuits. As the frequency of operation is 
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increased not only do the losses increase but also charging 
currents to the circuit and valve capacitances increase. As 
a result the efficiency of power conversion decreases at high 
frequencies. The drop in efficiency can be offset to some 
extent by the use of low-loss circuits. In the case of disk 
seal triodes, coaxial line circuits with appreciable surface area 
are used and there is very little dielectric material in the 
regions where the alternating voltages are large. Practically 
the only dielectric loss is in the glass of the valve itself. 
Radiation loss is also eliminated very largely with such 
circuits (see Fig. 1). With certain disk seal valves it has 


Fig. 1. 

A, heater terminal; B, shorting bridges; C, grid thermocouple; 

D, insulating mica capacitors; E, box containing photocell and 

amplifier; F, light slot; G, valve; H, anode thermocouple; 

I, anode terminal; J, r.f. input; K, grid terminal; L, cathode 
terminal. 


Arrangement of apparatus 


been found that the bulk resistance of the oxide coating on 
the cathode causes an appreciable dissipation of power at 
frequencies of the order of 1000 Mc/s. The resulting increase 
in cathode temperature has been used to determine the 
value of the coating resistance.‘ 

At high frequencies, where the inter-electrode electron 
transit time becomes comparable with the alternating period, 
electrons may acquire additional energy from the alternating 
components of the fields. This energy is ultimately dis- 
sipated as heat at the electrodes. 

Thus the power P; taken from the anode supply is expended 
somewhat as follows: 


Po = useful h.f. power in the load. 

P, = power dissipated at the anode. 

P, = power dissipated at the grid. 

P, = power dissipated at the cathode, including 
heating of the coating by r.f. current. 

P; = power dissipated in the circuit resistance and 
insulators. 

P, = power radiated from the circuit. 

Pp ho hkatttle +4 Mi ie lore 

The electrode dissipations P,, P, and P, have been deter- 
mined under operating conditions by the measurement of 
the electrode temperatures as described in the next section. 


and 
Lee 


2. MEASUREMENT OF ELECTRODE DISSIPATIONS 


2.1 Cathode. The cathode temperature was determined 
by the photo-electric method already described.“ #) Changes 
of temperature of the order of 1° C could be detected’ and 
the change in cathode dissipation was found by restoring 
the temperature by adjustment of heater power. It had 
already been established on d.c. tests that 95°% of the heater 
power is passed on to the cathode. 

Cathode power measurements can also be effected by using 


BRITISH JOURNAL OF APPLIED PHYSICS 


378 


XY f ¥ 3 - [nO oo 


the heater resistance as the active element of a resistance 
thermometer. The relation between heater d.c. resistance} 
and the r.f. heating power in the cathode was determined 
over a frequency range of 500-2000 Mc/s. A certain amoun 
of r.f. energy was fed to a valve from a separate oscillator.} 
This caused cathode heating and a change in cathode surface 
temperature, which was observed with the photocell. The 
original cathode temperature was restored by changing the 
d.c. heater power. The d.c. heater resistance was measured} 
in both cases. It was found that the change in heater resis+ 
tance was proportional to the change in heater power, i.e. to} 
the r.f. heating power in the cathode, and that the constan 
of proportionality was independent of frequency. The} 
heater resistance method of determining the cathode dis-+ 
sipation was particularly useful when valves were studied i 
self-oscillating circuits. Then, under some conditions, a glow) 
was observed in the cathode-grid space and it was feared} 
that the photocell readings might be unreliable. It wass 
found in most cases that, even with the glow, the two methods} 
of determining the r.f. dissipation in the cathode gave identica 
results. The glow was probably due to the high r.f. voltage} 
between grid and cathode. 
In determining the cathode dissipation under oscillatory 
conditions it is necessary to allow for the evaporation cooling 
of the cathode due to the mean component of the anode 
current.“:3) The heater resistance was also measured with 
steady currents of 20 and 40mA when the evaporation) 
cooling greatly exceeded the i?R heating. The change in 
heater resistance was found to be proportional to the cooling 
power in the cathode coating, and the constant of propor-j 
tionality was the same as that obtained in the h-f. tests. 
2.2 Anode and grid. In the DET 22 triodes the anode 
and grid electrodes are integral parts of two copper disks4 
It is therefore possible to get a measure of the electrode 
temperatures by attaching thermocouples to the externa. 
disks. For the anode, one junction of a copper-eureka 
couple was attached on the inner surface of the brass retain 
ing ring which clamped the valve to the co-axial line circui® 
(see Fig. 1). The junction was therefore in close contact wit! 
the anode flange but was outside the r.f. field. 
Since both outer and inner surfaces of the grid tube are 
necessarily in the high frequency fields of the oscillator, th 
attachment of the grid thermocouple presents some difficulty 
This was overcome by milling a V-shaped slot along th 
outer surface of the whole length of the grid tube. Insulate 
copper and eureka wires were put inside an aluminium 
sleeve, of diameter 1 mm and wall thickness 0:1 mm, an 
the sleeve was pressed into the groove so that there wa 
virtually no disturbance of the surface of the grid tube. Thd 
bared ends of the two wires were joined and soldered clo: 
to the spring fingers which were in contact with the gri 
disk (see Fig. 1). : 
Calibrations of the thermocouples under static conditions 
were made for each valve immediately before the oscillatory 
tests; this was done by measuring f, and t,, the increases ir 
the galvanometer deflexions above the values at room 
temperature for the anode and grid couples respectively! 
First ¢, and ft, were found when heater power only was 
applied. Then with the grid biased negatively the anode 
dissipation P, was varied and ¢, and ¢, again measured. Ir 
all cases ft, and f, were proportional to P,,; typical results are 
shown in Fig. 2. In this figure Pj, the negative value o! 
P, when t, = 0, represents the proportion of the radiatec 
cathode power which is intercepted by the anode. 
Calibration of the grid thermocouple against P,, the gric 
dissipation, is not easy on account of the limitations imposec 
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y the valve ratings. Even when all the maximum cathode 
mission is taken to the grid under static conditions, the grid 
issipation is only about 0:25 W. The resulting change in 
rid temperature is fairly small in comparison with the 


120 fF 


‘c 

E 
ae 

Es Fig. 2, 

a Thermocouple 
~o 4 . 

S calibrations 
a0 


BOP EO A 2b BIO 
aot” P, (w) 

syhange due to the power intercepted from the cathode. Also, 

inder working conditions with appreciable anode dissipation, 

he change in grid temperature due to P, is considerable and 

may be more than the change due to P, = 0-25 W. How- 

ver, an approximate calibration of 4, against P, can be 


Fig. 3. Grid 
thermocouple 
calibration 


0-5 
Py, CW) 


lO 4-5 


sffected by assuming that practically all the cathode power 
is radiated and is intercepted by the grid and the anode 
together. The difference between the cathode power and 
P.9 gives P,o, the proportion of the cathode power inter- 
cepted by the grid. Then (—P,, 0) is a point on the grid 


calibration curve. A second point is (0, 1), where t, is the 
increase in the grid thermocouple reading when the cathode 
is heated. The grid calibration is then assumed to be a 
straight line through these points as shown in Fig. 3 in which 
P.;, the total grid power is plotted against t,.. From Figs. 2 
and 3 the contribution to the grid heating due to the anode 
dissipation P, can be determined and this is shown as Peo 
in Fig. 4. This curve is subsequently used under oscillatory 


0-6 
A Siete 
Fig. 4. Grid ad 
dissipation aMo.9 
calibration 


O 2 4 6 8 lO 

P, (Ww) 
conditions to find the true grid dissipation P, due to electron 
bombardment, where P, = P,,; — P,. The anode tempera- 
ture is also affected by the grid dissipation but the effect is 
small, as the grid dissipation is much less than the anode 
dissipation; this correction has been neglected. A check of 
the grid calibration was made with one valve on d.c. taking 
the full emission to the grid and good agreement was obtained. 
Even so no great accuracy can be claimed for the grid 
dissipations. 

When the cathode temperature changes under oscillating 
conditions, this change affects the grid and anode tempera- 
tures. However, this effect is also small and it has been 
neglected. 


3. OSCILLATORY MEASUREMENTS 


Power measurements were made at frequencies ranging 
from 500 to 2000 Mc/s on ten different valves. The electrode 
dissipations were determined by the methods described in 
section 2 and the r.f. power Py was measured in a lamp load. 
The oscillator was adjusted to optimum operation and then 
left until stable conditions were reached. Typical results for 
three different valves are shown in the table. In this table P;, 
Po, P,, P, and P;, are the quantities already defined; P, is the 

‘power in the grid bias resistor and 


P, = Py + Py Pe; +P, + P, 


4. DISCUSSION OF THE RESULTS 


It may be seen that the difference between P, and P; varies 
from 0 to about 1 W. In view of the inaccuracies in deter- 


Power distribution in oscillating triode 


i P; Po Pa 

Valve No. (Mc/s) (W) (W) (W) 
1 696 8-4 2-20 4:42 
900 9:6 1-97 5:42 
1400 9-7 0-88 6:80 
1830 9-8 0-38 7-20 
2 540 6:6 1:64 3°32 
675 6-7 2°22 3-48 
920 8-7 1-76 S101 b) 
1530 9:2 0:77 6:90 

1805 8-6 0:64 Sap) 
3 734 10-0 1:28... 6:45 
989 10:1 1-18 7:20 

1400 9-6 0-54 1°31 
1840 9:9 0-33 8-48 


J g Px Po Ps 
(W) (Ww) (W) (W) Px/Po Pal Po 
0-91 0-20 0:18 7:9 0-1 0-4 
0:73 0-21 0-23 8-6 0-1 0-4 
0-81 0-21 0-09 8:8 0-2 0:9 
0:96 0:44 0-12 Ol hes | 25 
0-33 0:21 0:40 5.9 0-1 0-2 
0-21 0-22 0:32 6°5 0-1 0-1 
0:29 0:37 0-31 189 0:2 0-2 
0-46 0:40 Oe12 8-7 0:5 0:6 
0:68 0-63 0:20 eG 1-0 Teal 
1-09 0-31 0-20 973 0:2 0:9 
0:67 0-18 0-20 9-4 0:2 0-6 
0-79 0-24 0-06 Deal 0:4 LS 
0:75 0-15 0-08 9-8 0:5 223 


(N.B.—The values of Po in this table are not necessarily indicative of the best performance that can be obtained from the DET22 triode.) 
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mining the various components of P, it would seem that on 
average 0:5 W, or 5% of the d.c. anode power, were un- 
accounted for and must be attributed to resistive, dielectric 
or radiation losses in the valve and circuit. 

An interesting feature of these results is the magnitude of 
P,, the cathode-coating loss, and its variation with frequency. 
Its importance as a limiting factor on the performance may 
be seen from the ratio P,/P . This shows that, at the higher 
frequencies, the power lost in the coating becomes com- 
parable with the power delivered to the load. KS 

The importance of the grid dissipation may also be seen 
from the table. The grid power is always appreciable and 
its value relative to the power output increases with frequency, 
as shown by the ratio P,/Po. 

An attempt was made to calculate the power dissipated in 
the coating using low frequency class C oscillator theory. 
Fairly good agreement was obtained with the measured 
values even at high frequencies. 

4.1 Effect of the grid-cathode clearance. Some power 
tests were also carried out on disk seal triodes which were 
the same as the DET 22 but with different cathode-grid 
spacings. The cathodes were identical and the valve ratings 
the same, so that the valves operated at approximately the 
same value of anode current. All the valves had high ampli- 
fication factor and the flow of current was controlled mainly 
by the grid voltage. Treating the valve as a simple diode 
the current is proportional to v3/?/d?, where v, is the grid 
voltage and d is the cathode grid spacing. Thus, for the same 
anode current, v, is proportional to d4/3._ The power dissipated 
in the cathode coating is proportional to vz and to the 
effective conductance G between the grid and cathode. The 
grid-cathode circuit may be represented by Fig. 5(a). Here 


qrid grid 
nc | 
C 


ra Rees G 


cathode cathode 


(a) (b) 
Fig. 5. Grid-cathode circuit 
(a) actual circuit 
(6) equivalent circuit 
G = w2C2R2/[1 + w2(C + C)2R2] 


C is the capacitance between the grid wires and the coating 
surface; C’ and R represent the impedance of the actual 
coating and C, represents stray capacitance including edge 
effects, etc. The circuit may be drawn as shown in Fig. 5(b) 
in which 

G = w°CR/[1 + w(C + C)?R?] (1) 
When the cathode-grid spacing is varied, C is proportional 
‘to I/d. Also provided the frequency is not too high 


G = orCR (2) 


\ 


ss 


Hence the coating dissipation at a given frequency 
proportional to v2C?, i.e. Py « d7!?. 
If we assume that the proportion of the total curren 
flowing to the grid does not alter when the clearance is 
changed the grid dissipation is proportional to ¥,, i.e. P, « d4!? 
Thus when the clearance is increased the cathode heating an 
grid dissipation both increase but the latter more rapidly 
These relations are subject to wide variations depending o 
the oscillator conditions but the power tests on valves with 
large clearances confirm the general trends qualitatively. 
4.2 Factors affecting coating loss. Equation (1) shows 
that the equivalent grid-cathode conductance arising fro 
the coating resistance varies as the square of the frequency. 

provided 
w(C + C)?R? <1 


As the frequency is increased the rate of increase of G is} 
reduced and ultimately it reaches a limiting value of 


1 3 i 1 ( oy 

= fo 3 

i ne = RNG Gy 

The variation of G with frequency for the DET 22 is show 
in Fig. 6. Values of 0:8 wuF, 7-0 uF and 15Q hay 


aS 
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Fig. 6. Variation of equivalent grid conductance with 
frequency 


been taken for C, C’ and R respectively.2) The coating 
resistance R varies directly as the coating thickness and its 
capacitance C’ varies inversely as the thickness. Equation (3}) 
emphasizes the importance of a thin coating. Two of the 
most successful present-day microwave triodes are the} 
VX3061 and the EC57. The former has a much thinner 
cathode coating than the DET22. The EC57 has a dispenser 
cathode with negligible coating thickness.© 
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ORIGINAL CONTRIBUTIONS 


The influence of shear and rotatory inertia on the free flexural 
vibration of wooden beams 
By R. F. S. HEARMON, F.Inst.P., Forest Products Research Laboratory, Princes Risborough, Bucks. 
[Paper first received 26 February, and in final form 19 May, 1958] 


The existence of shear and rotatory inertia effects leads to a reduction in the frequency of 
flexural vibration of beams as compared with the frequencies predicted by the simple Rayleigh 


treatment. 


Tables and graphs, based on the Timoshenko—Goens theory, are given to facilitate 
the estimation of the correction factor in the case of free-free beams. 


Experiments are 


described in which the frequencies of wooden beams are measured up to the 16th mode, and a 


least-squares method is described for analysing the results. 


Effects introduced by the anisotropic 


\ nature of wood are also investigated and discussed. 


1. INTRODUCTION 


Considerable interest has been shown recently in the 
vibration characteristics of wood, especially in connexion 
with non-destructive testing and with the determination of 
elastic constants and damping. The elastic constant of major 
interest is the Young’s modulus along the grain and, in 
addition to the more usual static methods, both longitudinal 
and flexural vibration methods have been used in its measure- 
ment. Of these, the flexural vibration method has been the 
‘more popular, mainly because the vibrations are easier to 
excite and detect. The frequency of flexural vibration 1s, 
however, influenced by the occurrence of shear and rotatory 
inertia effects in the beam, and the purpose of the present 
paper is to examine the extent to which the frequencies of 
vibration and the derived elastic constants are altered by the 
occurrence of these effects. Wood is particularly interesting 
as an experimental material in this connexion because it is 
anisotropic and also has a very low shear modulus. 


2. THEORY 


_ Assuming pure bending, the differential equation governing 
the flexural vibrations of a beam is: 
EP? Oy oy 


1 ae, 1 
Pie Oat 0? eg (1) 


where 
E = Young’s modulus, 
i = radius of gyration of cross-section, 
p = density, 
y = lateral deflexion, 
x = distance along the beam, 
(i= time: 
For a beam of rectangular cross-section 
2 == P/I2, 2) 


where / is the thickness of the beam in the plane of bending. 

Solutions of equation (1) appropriate to various end con- 
ditions have been given by Rayleigh.” If both ends of the 
beam are free, the frequencies f, are 


im E 
he any 3 


where / is the length of the beam and the values of m appro- 
priate to the successive modes of vibration are the roots of 


cos mcosh m = 1, (4) 
i.e. m, = 4-730, and subsequently, to sufficient accuracy 


my = 2p + 1)z, A) 
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where p denotes the order of the mode. Values of m? and m4 


up to the 16th mode are given in columns 2 and 5 of Table | 


below. 

The above treatment ignores the occurrence of shear 
deflexion and of rotatory inertia effects in the bar. The full 
differential equation taking both of these effects into account 
was first discussed by Timoshenko™ and, in the present 
notation, is: 


Ei? oty oy 
p ox4 Or 


where G = shear modulus. 

The shear deflexion coefficient s is introduced to allow for 
the fact that the shear stress is not uniform over the cross- 
section; if, in fact, the stress were uniform, the value of s 
would be unity. Several attempts?-7) have been made to 
evaluate s from theoretical considerations, but there is no 
general agreement as to its exact value. The various esti- 
mates, however, indicate that its approximate value is 1:2; 
further discussion of s is given in Section 5 below. 

Solutions of equation (6), or of equivalent equations, 
appropriate to various boundary conditions have been 
obtained by a number of workers.@-!7) The experiments 
described later were carried out on free-free beams, and 
solutions corresponding to these boundary conditions have 
been given by Goens,“ Howe and Howe,"!) Kruzewski,(2 
Traill-Nash and Collar™!>) and Wuolijoki.¢® Howe and 
Howe!) solve the differential equation by means of an 
electronic differential analyser, but the other three workers 
obtain an analytical solution, which gives the frequencies in 
the form of a rather involved transcendental equation. 
Kruzewski,“*) and Howe and Howe“! present graphs from 
which some of the frequencies can be obtained, but these 
graphs do not cover the full range of the variables required 
in the present work. Wuolijoki“® gives a graphical method 
which is of unlimited range, but which is rather time con- 
suming in practice. Goens,“® on the other hand, develops 
the transcendental equation into a relatively simple, though 
approximate, equation which gives the effect of shear and 
rotatory inertia explicitly. 

According to Goens, the theoretical frequency (f) is 


Se =hIVT, (7) 


where f, is calculated from equation (3) and T is given by 


(i ESENS O04y psit Oly 
T 


Goon CT 


2 
Rn ee liek 2(m) + 6mF(m)]| + 


i2 sE 


7G 


psi lie 
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The function F(m) is found by Goens to be 
-0:9825 for p = 1, i 


Tb 
1-0008 for p = 2, j Oy, 

and subsequently F(m) = 1 for all values of p. 
Mubog n?F*(m) + 6mF(m) = F,(m), (10) 

m?F*(m) — 2mF(m) = Fy(m), | 

equation (7a) becomes 

- SE An*psi2 f2 ; 
Pea het pli 2G F,(m) — Ree (8) 


The values of F,(m) and F,(m), computed from equation (7) 
and (7c) in conjunction with the known values of m (Table 1), 
are entered in columns 3 and 4, Table 1. 


Table 1. Values of m?, F,(m), F,(m) and mt 
iota m2 F\(m) F>(m) mx 1073 
1 2237. 49-48 12-30 0-5006 
2 61-67 108-9 46-05 3-804 
3 120-9 186-9 98-9 14-62 
4 199-9 284-7 171-6 39-94 
5 298 -6 402-3 264-0 89-13 
6 417-0 5395 376: 1 173-9 
7 Spo we 696-5 508-0 308 -2 
8 ABSA 873-3 659-7 508-5 
9 _ 890-7 1070 831-0 793-4 
10 1088 1286 1022 1184 
11 1305 1522 1233 1704 
12 1542 1778 1464 2378 
13 1799 2053 1714 3235 
14 2075 2348 1984 4306 
15 2371 2663 2274 5622 
16 2687 2998 2583 7220 
al | Kee aee 
:| £2 
: | 
io 


G 
Fig. 1. Tas function of i?//* and sE/G, Ist mode 
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From equations (3) and (7) we have 
?PmtE 

(9) 

and substituting for f? in equation (8) 

mi i2 


Tot fom en) ee (10) 
a +7 nM) +e (mm Bm@er ls 


The last term in equations (8) and (10) is only a rough 
approximation, but its numerical value is small in comparison 
with 1, and T itself is not very different from 1. A good first 


approximation to T can therefore be obtained by setting T | 


3:0 =a By | 
; Aiorae 
p22 (a 
10 
2:5 =H 
9 
T 8 
Ti 
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5 
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a 
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se 
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Fig. 2. 7 as function of i2//? and sE/G, 2nd mode 


S | eral 


G 
Fig. 3. 7 as function of i7//? and sE/G, 3rd mode 
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on the right-hand side of equation (10) equal to 1. The 
value of T obtained in this way is then inserted on the right 
of equation (10), thus improving the first estimate; a third 
and further improved estimate of T can be obtained similarly 
if necessary. Values of T obtained in this way for the first 
three modes of vibration are shown in Figs. 1-3 as functions 
of sE/G and i2//?. 


\ 


3. EXPERIMENTAL 


Experiments similar in some respects to the present ones 
have previously been made by Adamson®) on simply sup- 
ported beams and by Goens“® and Wuolijoki!® on free- 
free beams; Traill-Nash and Collar‘) have also compared 
theoretical and experimental frequencies for free-free box- 
beams. 

The experiments reported below were carried out ‘on one 
beam of brown sterculia (Sterculia rhinopetala) and two each 
of Sitka spruce (Picea sitchensis) European beech (Fagus 
sylvatica) and European ash (Fraxinus excelsior). The grain- 
direction in the wooden beams was parallel to their lengths; 
the cross-sectional dimensions were approximately 5 « 2-5cm. 
One beam each of the Sitka spruce, beech and ash were cut 
as shown in Fig. 4(a@), with the longer side of the rectangular 
cross-section parallel to the radial direction in the tree R, 


A B 
fing Se reauee . Rice ee “= 
| 
\ 
\ 
ho he 
| ! 
! | 
W. 
aaa h 1 acy ea 
Bi ea era 
| 
i} 
| 
(b) i 
| 
(a) Wa Vv 
R qt 


Fig. 4. Cross-sections of A and B specimens showing 
annual rings of wood 


and the shorter side as nearly tangential as possible to the 
annual rings (the tangential direction 7). The other beams 
of Sitka spruce, beech and ash were each cut as shown in 
Fig. 4(6); the single sterculia beam was cut as in Fig. 4(a). 
The densities and dimensions of the beams are given in Table 2. 


Table 2. Dimensions and densities of beams 


Initial hy ha e 

Beam Length (cm) (cm) (cm) (g/cm). 
Brown sterculia iSoe 2-510 5-033 0-900 
Sitka spruce A 144-3 22559 5-105 0-543 
Sitka spruce B 107-0 2:530 5-061 0-535 
Beech A 160-8 2-548 5-088 0-672 
Beech B 160-9 2:°545 5-069 0-684 
Ash A 161-2 2:502 4-761 0-702 
Ash B 161-2 2:505 5-004 0-686 


A circuit diagram of the exciting and measuring apparatus 
is shown in Fig. 5. The specimen was suspended by means 
of threads 4A, which should ideally be located at the nodal 
points of the mode under investigation. It was found experi- 
mentally, however, that for the 4th and higher modes the 
location of the threads had an insignificant effect on the 
frequency. The nodal points shown in Table 3 were therefore 
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marked on the specimen which was suspended from these 
points as appropriate. 


Table 3. Distance (x/l) of nodal points from free ends of 
specimen 
Pp x/l 
I 0:2241 
2 0-1321 
3 0-0944 
4 0-0735 


The distances in Table 3 are based on the simple Rayleigh 
theory“'!9) and will be affected to some extent by the 
existence of shear and rotatory inertia. The effect of shear 


mplif jer 


beat frequency 
oscillator 


Fig. 5. Diagram of apparatus 


and rotatory inertia on the position of the nodal points is 
not known, but it will be least in the fundamental mode, 
where the need for accurate location of the supporting threads 
was found to be greatest. The effect of shear and rotatory 
inertia on nodal position almost certainly increases as the 
mode number increases, but on the other hand, the need for 
accurate positioning of the supporting threads decreases, 
and it is thus unlikely that uncertainty in the exact nodal 


-positions will lead to serious errors in the measurements. 


In order to excite the specimens and to detect their response, 
small iron plates B were attached near the ends. One of these 
plates was close to the magnets of a telephone receiver C 
‘which served as a pick-up. The other iron plate was near 
the magnet of the driving coil D, which was supplied with 
amplified current from a beat frequency oscillator, In order 
to increase the effect of the alternating current, a subsidiary 
coil carrying direct current to polarize the magnet was 
wound over the driving coil. (The subsidiary coil is not 
shown in Fig. 5.) 

This feature of the apparatus prevented the use of elastic 
threads for the supports AA. Such threads would have made 
the exact positioning of the supports even less critical than 
it proved to be with the normal thread actually used. It was 
found, however, that with elastic thread supports the distance 
between the iron plate B and the magnetic core of coil D 
(Fig. 5) decreased when the polarizing current was switched 
on, owing to the extension of the threads caused by the 
attraction between the plate and the core; under these 
circumstances it was extremely difficult to adjust the initial 
distance between the two so that the distance was optimum 
for good response of the specimen when the polarizing 
current was switched on. 
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The horizontal-deflexion plates of the cathode ray oscillo- 
scope (CRO) were permanently connected to the oscillator. 
By means of a three-way selector switch S, the vertical plates 
could be connected either to the amplified output from the 
pick-up, or to sources of frequency 500 c/s or 50c/s. The 
500'c/s source was a valve-maintained tuning fork; that of 
50 c/s was derived from the mains supply, which was always 
checked against the tuning fork before being used as a 
frequency standard. 

In measuring a response frequency of the specimen, the 
following procedure was adopted. The output from the 
pick-up was connected to the oscilloscope, and the coarse 
dials of the oscillator adjusted until the response as indicated 
on the oscilloscope screen was a maximum. The switch $ 
was then connected to the 500 c/s or the 50 c/s source, which- 
ever was the more convenient, and the oscillator adjusted 
until the oscilloscope showed a recognizable Lissajous figure 
from which the oscillator frequency could be found exactly. 
The pick-up output was reconnected to the oscilloscope, and 
the frequency of the oscillator adjusted by means of a cali- 
brated incremental condenser until the response on the 
oscilloscope screen was again a maximum. The resonant 
frequency was then obtained from the sum of the known 
initial oscillator frequency and the increment of frequency 
corresponding to the amount of adjustment of the incre- 
mental condenser. In this way the frequencies were measured 
independently of the main graduations on the oscillator dials, 
and the accuracy of measurement, estimated as about 0-2 %, 
depended only on the accuracy of the standard frequency, 
and on the calibration of the incremental condenser. 

Complete series of measurements were taken with the 
plane of vibration parallel to the shorter side of the cross- 
section (Type 1 vibrations, see Fig. 4) and to the longer side 
(Type 2 vibrations). In a typical series the specimen was 
first weighed and measured, and the nodal positions were 
marked in. The plates B (Fig. 5) were then attached to the 
specimen in positions such that Type 1 vibrations would be 
excited. With the specimen suspended at the Ist nodal 
positions, the frequencies of the Ist, 5th and higher modes 
were determined. The position of the supporting threads 
was then altered to the 2nd nodal positions, and the fre- 
quencies of the 2nd, 5th and higher modes determined. This 


procedure was repeated with the threads at the 3rd and 4th: 


nodal positions, thus yielding one estimate of the frequencies 
of the Ist to 4th modes, and 4 estimates of the frequencies 
of the Sth and higher modes. The measurements on the 
Ist to 4th modes were repeated at least twice, after which the 
plates B were removed and reattached so as to excite type 2 
vibrations, the frequencies of which were measured exactly 
as described above. After the measurements had been 
completed, the specimens were successively shortened, 
complete frequency measurements being taken on each length. 

The measurements were not made under controlled con- 
ditions of relative humidity and temperature, but approxi- 
mate corrections were applied to the frequencies to adjust 
them to a standard moisture content (approximately 11 °%). 
Over the small range of moisture contents involved it can be 
assumed that the change in longitudinal dimensions is neg- 
ligible, and that the changes in lateral dimensions and 
Young’s modulus are small and proportional to the moisture 
content change. The frequency is proportional to iy/(E/p), 
and on the above assumptions, for a type | vibration, it can 
be shown that 


Salfy ~ 1 + Gay + 4a. — tag — 0:005)Am, (11) 


where /;, and /, are the frequencies before and after an increase 


BRITISH JOURNAL OF APPLIED PHYSICS 384 VoL. 9, OcroBER 1958 


by the equations 

(hpalhyy = 1 + Am; 

(hy)al(hz)y = 1 + Am; 

FALE, =l[- oapAm. 
The directly observed frequencies were corrected by means 
of equation (11) before the results were finally analysed. As 
an indication of the order of magnitude of the correction, 
the value of x; was about 0-01 and of a; and «, about 0-003. | 
With these values, equation (11) reduces to 
filfy = 1 — 0:004Am, 
and for a moisture content increase of, say, 2%, | 


filfy = 0-992. 


in moisture content of Am°% and the coefficients « are defined 
| 


4. RESULTS AND DISCUSSION 


changes in moisture content, are given in Table 4 under the | 

heading fp. The complete results are tabulated for brown 

columns in Table 4, headed \/T and f/f, were computed in 
E = 4n7l*of2/mii?. (12) | 
Eig = An ofp lmtits oe (13) | 


sterculia, but to save space, further results are given for two | 
lengths only of the beech and ash specimens. The remaining | 
the following way. 

From equation (3), the true Young’s modulus E is 
Similarly the apparent Young’s modulus £4, calculated | 
directly from the observed frequencies is 
Thus, from equations (7) (9) and (13), assuming /9 and f, are 
identical, 


The observed frequencies, corrected where necessary he 


je ye (14) 


For present purposes, the most convenient form of the 
equation for T is (8). In this equation, the last term is small 
in comparison with unity, and it is therefore possible to use a 
provisional value of s/G in it. (If the provisional value 
proves to be seriously in error, the calculations can be 
repeated using an improved value of s/G). Thus if we write 


Py) 25 f2¢2 
C= E,|1 4 aE) ees, (15) 
Ei? 
Die “5 Fx); = By = shIG 
then from equations (8), (14) and (15): 
x=c+t by, (16) 


in which the unknowns are x and y. To each measured fre- | 
quency there corresponds an equation of the form (16) and | 
we thus have a series of equations 
x=ce, + by, 
Carrs 1) aS bxy, 
(17) 


Ce ee 


where n is the number of observations (e.g. for brown | 
sterculia, Table 4(a), type 1 vibrations, n = 35; type 2f 
vibrations, n = 27). The “‘best” values of x and y consistent } 
with the set of equations (17) can then be found by the 
method of least squares® as the solution of the simultaneous 


equations 
eels gs ae 

[b]x = [be] + [b*]», 
where the square brackets indicate summation (e.g. [bc] = 
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Table 4. Observed and calculated results (1 in cm; fo in c/s; R = 1042/1?) 


Type 2 vibrations 


Type 1 vibrations 


zB fo VT Solfa | Pp fo VT Solfo p fo VT Solfo | Dp So VT folfy 
(a) Brown sterculia 
= 183-1: R = 01565 l= 120-8; R = 00-3596 1 = 183°1=-R = 0-6295 D=120; 82 Ra— 4S 
1 37:1 1-002 1-003 1 84:5 1-005 0-996 1 13-9%. 1-008 1-003 1 166-°9 1-019 0-998 
2) 101-8 1-007 1-002 25, .230-2)- 1-018 * 0:997 2.1.°200-2 1-029: 1*007 Di, 443*3- f- 0632 L002 
3 198-0 1-017 1-004 3. 444-2 1-039 1-002 3 380°4 1-059 1-004 3822-37 L128 et 006 
4 323-7 1-030 1-005 4 717-5 1:064 1-002 4 607-6 1-098 1-006 4 1265 1-211 1-006 
>) 475:0 —1:045- 1-002 SaElOST ike we 0-999 5, 869-17. 1:145 1-004 5 1748 1-308 1-004 
6 654:2 1-062 1-004 6 1157 1-201 1-004 |- 
7  855:4 1-082 1-005 Le OO2 soe ZG 4744 7 1462 1-262 1-001 T= 10552 Roe 90 
8 1075 1-105 1-004 1 111-4 1-007 0-998 1 220°4 1-025. 1-005 
9 1309 1-130 1-001 2 302-0 1-024 0-998 [=a15128 sR: —.0"9158 De OVS Ose So) ye OOL 
10 1560 1:158 1-001 3 580-0 1-050 1-002 1 107-7 1-012 1-009 3 1048 1-166 1-006 
f > 4 928-4 1:084 1-002 2 28811041) “1 007 4.1585 1-270 1-002 
l= 1h SR 022278 SwSOo ded 25.24% 000 34° 543=82 1084.5 1010 
105329 003%-.17002 4 854-5 1-139 1-008 [== 89°8- R= 2-618 
2 147-0 1-011 0-999 1= 89-8; R= 0-6510 5 1206 1:205 1-008 1 297°8. 1-035. 0-999 
3' 285-0: 1024 /1-000 1 152-2 1-009 0-995 6 1576 1-280 1-002 Qe 166: 0F¥. 1 M2 rs O01 
4 465-1 1-041 1-004 2. 411:°6 1-033. 0-999 Sy Koy 1-222 0-998 
5 679-9 1-062 1-002 3. 780-6 1-068 0-999 
O92 elerle O87 1 O02 4 1234 1-114 0-997 Lie S14=35UR == 32824 
7 1198 1-115 0-997 1 428:5 1-049 0-997 
L143 (Ri OS95iK 2 1069 1-160 0-998 
1 222-0 1:014 0-999 
2. 587°9"-1-047- 0:990 
3 7 1410 1-097 0-999 
A I 25- 1-161 . 0-994 
Type 1 vibrations Type 2 vibrations Type 1 vibrations Type 2 vibrations 
(6) Beech A (c) Beech B 
7 = 160-8; R = 0:2092 1 = 160-8; R = 0:8348 P==716029)-Ro— 022085 P= 60< 9) aRe== Oe827 i 
1 45-5 1-003 0-970 1 90:0 1:008 0-983 1 41-4 1-002 0-958 1 84-2 1-010 0-985 
2° -127+3° 1-009 ~ 1-003 De M5063: i025 00 POLO De TAO 5 sh 005-1006 Da 2324 Diva 03572010 
Bi 246237 1.022 1-003 3 473-0 1:052 0-998 325 229-00 1 “O12 770-990 3° 435:0 1-071 0-999 
4 402-2 1-036 1-004 4 760:0 1-087 1-002 4. 380-5 1-019 1-002 4/2691 -0.3-- 119" 1)-003 
SE S882 en le O5S 5441-002 S$ 1094 1:1275) 2-001 5. 561-0 1-028 0-998 5." 976:0° 1-176; :0-996 
6 == 807+h 1-077 1-005 6 1459 1-174 0-995 6 782:0 1-039 1-006 6 1271 1:241 0-981 
7 1049 1-102 1-003 7 1028 1:052 1-006 
8 1308 1-130 0-999 8 1293 1:067 0-999 
9 1586 1:083 0-996 
B76) 30Ri alo 95 i=67-3; Re 4 Oo: 
1 260-6 1:017 1-000 1 507-4 1-043 1-004 == Ol ES Reel OF. b= 61: ASARI 4-748 
2-;693-0° 4-057 £-002 2° 1278 1-134 0-998 £24224 1009-0 -984 1 467-1 1-057 0-997 
3. 1293 1-115 1-006 3 2281 1-258 1-008 2 664-6 1:031 1-000 2. 1169 1.-1831-013 
4 1999 1-190 1-005 4 3362 1-407 1-004 Sat IG. 1-061 1-006 3 1986 1-354.) 1-005 
5 2768 1:278 1-000 5 4477 1-573 Wi 12001 4 1984 1-101 0-984 4 2865 1592-4005, 
6 3619 1-376 1-007 6 5582 1:753 0:996 | 15 2907 1-149 1-007 Sie as) Les OOF 
7 4405 1-483 0-993 7. 6726 1:941 0-998 Os 387. 1-205 1-008 6 4601 2-007 1-000 
8 5266 1:597 0-995 7 4878 1-265 1-000 7 5389 2-253 0-988 
9 6100 1:716 0-992 8 5907 £233 120;992 8 6312 2:°501 1-000 
10 7068 1-838 1-008 9. 7012 1-401 0-:993'| 9 7256 2:755. 1-014 
11 7888 1:965 1-002 
(d) Ash A (e) Ash B 
T= 16h-25R = 0 22007. POD Run Ono b= T6122 Re 10-2013 WG 22GR- == 028032 
1 45-8 1:002 0-993 1 85:3 1-007 0-994 1 47:4 1-002 0-994 1 94:7 1-009 1-001 
2 126-8 1-007 1-002 2 233-0 1-021 0-998 2 1350721007. 1-000 Dis DG O32 O06 
3. 246:6 1-016 1-002 3'- 447-3 -1-043° 0-999 3 254-8 1-014 1-000 3 484-4 1-065 -1-000 
4567403017027. 1-002 Ait eT 14073 0-997; AS VAIO 2202312004 AIM TOT A ol 1 OO ae OOT 
55-9929) 2 1,-04171.-000 5 1041 1-108 0-999 5620-2) 21-035. 1006 5 1099 1-161 1-001 
6 817 0572 51003 6 1401 1-149 0-999 6 857-7 12049 1009 6 1466 12221. 2-005 
7 1068 1-076 1-001 7 1790 1:195 0-997 Te VA23 1065); 16: 007, T1842 1-287 1-001 
8 1344 1:098 1-001 8 2201 1:245 0-995 8 1421 1:084 1-010 03) MPA} 1:359 1-006 
9 1648 11205 E-.002 9 2637 1:299 0-995 Ou 35 1-104 1-006 9 2658 1-436 1-004 
10 1964 1-146 1-001 | 10 3075 1:357 0-993 | 10 2087 1-125 1-009 | 10 °3094 1:546 1-010 
12303 tse OO lee alt 53535 1:417 0:993 | 11 2450 1-149 1-009 | 11 3504 1:600 1-006 
12 2643 1:202 0-997 | 12 3990 1-480 0-991 | 12 2843 VATA oh 012 10125-73928 1-687 1-007 
13 3006 1:232 0-996 | 13 4469 1:545 0-994 | 13 3231 1-200 1-008 | 13 4357 Lao OOF 
14 3367 1-265 0-993 | 14 4877 1:613 0-981 | 14 3643 1:228 1-008 
15 3766 1229830: 997-154 9363 1-682 0-985 | .15 4064 1:258 1-008 
16 4140 133202993 16 4506 1-288 1-010 
£==46-9'Ri= 2-371 L= 46:9: R =(8-586 PONS I Ri Pe GH L469: SR 9 7490 
1 531-6 1:027 0-999 1 952-0 1-072 1-000 1 550-47 17023, (0997 1 1021 1:104 0-999 
2 ASS4: 1-085 0-997 2 2297 1-2 221'.0:997. 2 1443 1:075 0-997 Pa spe ssye 1-318 0-997 
3. 2520 1-170. 0-999 3 3916 1-413 1-003. 3. 2645 1-147 0-994 3 3801 1-589 0-991 
4 3816 Ae 2d OOO: 4° 5574 1:637 1-000 4 4035 1-240 0-992 ANS 2D 1:895 0-992 
27 OLAS 1:396 0-999 ! SAD S12 1‘335 0:976 5 6759 2222 0-997 
6 6631 1-530 0:996 
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= bic, + bye +... + bycn). A similar method involving 
ease squares was ‘used by Wuolojoki!® in analysing his 
experimental results. 

The values of E and sE/G found in this way are given in 
Table 5. 


able 5! ¢ Least square values of E and sE/G (E in 10"! dyn/cm?) 


Type 1 vibrations Type 2 vibrations 

ae ia n E sEIG |i 1 E SEG, 
Brown sterculia 35 2-094 19-99 | 27 2-086 17-63 
Sitka spruce 4 —--60.:—«*1193 11°50 | 47 1-210 10-98 
Sitka spruce B DAMAPADT AAA 72) AOU eASD el 53/0 
Beech A 68 1-413 19:02 | 46 1-401 10-98 
Beech B 59 1-256 8-90 | 50 1-258 16-46 
Ash A 74 1-533 14:24 | 57 1-480 10-54 
Ash B 69 1-598 11-93 | 64 1-596 15-19 


Using the values of E and sE/G from Table 5, T was obtained 
from equation (8), and its square-root for each individual 
case is given in Table 4. Finally, f, was calculated from 
equation (3), f, from equation (7) and the ratio f/f, is also 
given in Table 4. This table, however, contains a part only 
of the complete results, and a better picture of the data as a 
whole is gained from Table 6 in which the averages and 
standard deviations of the ratio fo/f, are given. 


Table 6. Averages (x) and standard deviations (co) of the 
ratio folfa 


Type 1 vibrations Type 2 vibrations 
Material a a 
o a o 
Brown sterculia 1-000 0-003 1-004 0-004 
Sitka spruce A 1-004 0-006 1-001 0-006 
Sitka spruce B 1-001 0-005 0-999 0-008 
Beech A 1-000 0-007 1-000 0-006 
Beech B 1-000 0-012 1-001 0-008 
Ash A 1-000 0-005 1-000 0-006 
Ash B 1-000 0-008 1-001 0-004 


It is evident from Tables 4 and 6 that the ratio is unity to 
within experimental error and that the Goens’ solution of 
equation (6), in conjunction with the least squares fitting of 
the data is adequate for values of i7//? up to at least 10—3, and 
sE/G up to at least 20. The highest tabulated value of 4/T 
is 2-755, and a number of others are greater than 2, which 
means that owing to the effects of shear and rotatory inertia, 
the actual frequency of the beam is less than half the frequency 
which would be expected when these effects are ignored, as 
in the Rayleigh treatment. 

It is assumed in the theoretical treatment that the elastic 
constants are independent of frequency and this assumption 
is supported by the fact that the ratio f9/f, in Table 4 shows 
no tendency to change regularly with frequency. Further 
evidence that there is no significant effect of frequency on 
Young’s modulus is obtained by finding the least square 
values of E individually for each length of the specimens. 
These values are given in Table 7, together with the associated 
values of G/s. In general, the elastic constants will refer to 
a higher average frequency the shorter the specimen, but the 
table does not reveal any tendency to regular change in the 
elastic constants with decreasing length. 


5. A NOTE ON THE SHEAR DEFLECTION 
COEFFICIENT s 

The analysis of the experimental results carried out above 

shows that good agreement between calculated and observed 
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Table 7. Least square values of E and G/s (10"! dyn/cm?) 


1 Type 1 vibrations Type 2 vibrations 
Material (cm) =] E GIs ef E Gis 

1S Ses ee OS 72 Ae ORs: 

POMS ware Oe One OZ 60, -2:12520 1s 

Brown 120-8 5 2:08 0-110 5 2-08 O-d422 
sterculia 105.22" 5v -2:09:- 0-108 Ai 21.0 Oa? | 
89:8 4 2:08 0-104 3° 2-085 NOzMS 
TA: 3. Aves 208) 02 103 2, 2 OF 402 9) | 

144-3 10 1-21 0-105 8 - 1°22°>0-109 
12256 Seiad lS OLS, 5 1-19 0-114 | 

LOM ihe eeoloel Se Orlek 51-19 O aa aee 

Sitka spruce 96-8. 1 al LO OLD 5d 19) “Ose 
A 8859 vinde oh hop OhOS pep BOP net) Ia ii! 
SOS el LO Oa O WN 23 Oe 

FAS 8 1-205 0108 6 .1-21-- 0-109 

67:2 7 1:19 0-100 6F 2 On tOr 

Sitka spruce 107-0 13 1:42 0-098 | 11 1-47 0-094 
B TAefowl bli 450 Oc09> 1:50 0-095 
16028) (Se 4 LO O77), 6. 1239) -0ei382 

122-6 9-7 4, 1425, 0-074 5° 1:40 0-128 

LOT 375 4250-073 5 lO 18 

96:9 7 1:42 0-071 Sin LA Oh 

Pere 88-95 7, 1-39 0:076| 51-40 0-122 
82-6; 10571424 0-075 7. A420 ag 

74-9 11 1-42 0-073 621-40 02128 

67:3 11 1:42 0-074 Te Ale Orage 

160:9 9 1:23 0-182 6 1:26 0-073 

122 Si 2 Ol 6. 1:26 0-078 

LOT SAAT 26 Or Lay 5. 1282.08 OR 

Beech B 9720: eI 1224 0158 6510262 0-072 
8227 99 OV 26 207147 8 1°25 0-078 4 

74-95 10 1:24 0-139 | 10 1:27 0-076 

6715S: 29" 1240142 921-270 Om, 
161-2). 16) 1-54 0:105-) 15>°t-48.7,07 135 | 

1193813) S45 Oe ty 9 1-48 0-146 

10455 122 he 53010 9 1-48 0-143! 

Ash A 900° LT AeS34 07211 8 1:48 0-144) 
TSO ic OS aS 3) OOS 7 1-48 0-139 

60:07. 1-53 0-104 5 1:48 0-142 

46:9'-6, 1-53) 0-107 4 1:47 0-141 

161-2 16 1-60 0-142 |-13 1-60 0-108) 
119:75 12 1:60 0-132} 12 1-59 0-106) 

104-35 13 1:59 0-135 |} 10 1-59 0-106 

Ash B 89:95 9 1:60 0-132 | 11 1-60 0-106 
1428545 822 b594 702132 8 -1.59° 60103 
60:0. 6 1:60 0-132 5 1-61 0-102) 
46:9 5 1-59 0-126 51°59 -.0-103 | 


frequencies is obtained on the basis of the Goens’ equation | 
for T [equation (8) above], supplemented by least squares 
determination of the constants E and sE/G which occur in| 
the equation. This procedure is evidently equivalent to| 
determining E and G/s, and is quite satisfactory for all | 
practical purposes. Nevertheless, it may sometimes be} 
necessary to calculate T from G and s separately. Unfor- 
tunately, the available theoretical estimates of s show} 
a rather large scatter, and the effects of shape of cross- 
section and of mode number do not seem to have been 
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investigated fully. Foéppl™ dealt with the case of static 
deflexions and obtained s = 1-2 for a rectangular cross- 
section. This value was adopted, with some reservations, by 
Goens® as applying to a free-free vibrating bar. For a 
circular cross-section, Goens assumed s = 1-11.  Timo- 
shenko®) quotes s = 1-5 for a simply supported beam, and 
has also used s = 1-125. Mindlin® has solved the three 
dimensional elasticity equations to obtain the velocity of 
flexural and shear waves. In the limit of very short flexural 
waves (high frequencies) the wave velocity should coincide 
with that of the Rayleigh surface waves. Equating the two 


velocities leads to 
a 1\ |12 1\2. 
{0-20-D]"=@-3. 
a = (1 — 2u)/2(1 — p), 


where is 
j£ = Poisson’s ratio. 


(19) 


On the other hand, Mindlin’s solution for shear waves, 
when compared with the known solution for thickness-shear 

vibrations, leads to 
S ==-12/*-=. 1-216, (20) 


and Mindlin shows that the solution of equation (19) coincides 
with equation (20) when uw = 0-176. He adds: “For other 
values of 4, one must choose or compromise in accordance 
with the relative importance of the two modes of motion.” 

Pickett had previously solved the three-dimensional 
elasticity equations and concluded that the “‘best”’ values of » 
were 1-2, 1-12 and 1-18 for p = 0, 1/6, 1/3 respectively; the 

corresponding values obtained from equation (19) are 1-31, 

1:22 and 1-15 respectively. More recently, Mindlin and 
Deresiewicz® quote s = 1-216 for a rectangular cross- 
‘section and s = 1-181 for a circular cross-section. These 
results show considerable uncertainty in s even when the 
material is isotropic, and the uncertainty is not likely to be 
less when the material is anisotropic, e.g. wood. 

A review of the derivation of the Timoshenko equation (6) 
shows that it is not free from objection, and suggests that s 
may be a function of wavelength.?) This possibility is also 
mentioned by Mindlin and Deresiewicz, although the final 
value of s obtained by.them is a constant, independent not 
only of wavelength, but of Poisson’s ratio as well. An 
extension of the treatment of Higuchi, Saito and Hashi- 
moto) indicates, however, that for the wavelengths and 
specimen dimensions encountered in the present paper, 
any variation of s with wavelength is probably not greater 
than a few parts in a thousand, and for practical purposes is 
negligible.?) 

In the absence of an unambiguous theoretical estimate of s, 
an attempt was made to determine its value by a purely 
experimental approach. This was done by cutting strips 
(approximately 30 x 2-5 x 0:Scm) from the beams and 
estimating the shear modulus G by a torsional vibration 
method.23) These values of G were then used together with 
the values of E and sE/G from Table 5 to estimate s. The 
results are given in Table 8. 

_ In examining the figures in Table 8 it must be remembered 
that wood is not an ideal material for these experiments 
because of its variability and because the moisture content 
may change between the respective tests. The uncertainty in 
s due to these causes is estimated at about +5%, and perhaps 
more. The uncertainty in the average s will be about +2%, 
and it appears that to this accuracy, the average value (1-06 
for both types of vibration) is smaller than many of the 

theoretical estimates of s. 
If the main object of the experiments is a measurement of 
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Young’s modulus, the best procedure seems to be to measure 
the frequency of as many modes as possible and to analyse 
the results by the least squares procedure. If this cannot be 
done (for instance, because of a limited frequency range in 
the measuring apparatus) then approximate correction factors 
can be obtained from the shear modulus and an assumed s 
of 1-06. 


Table 8. Values of G (10!! dyn/cm?) and s 
Type 1 vibrations Type 2 vibrations 
Material i 

G S G RY 
Brown sterculia (01 Li BA 1-07 0-132 1212 
Sitka spruce A 0-104 1-00 0-106 0-96 
Sitka spruce B 0-107 1-10 0-108 1-14 
Beech A 0-085 1-14 0-135 1:06 
Beech B 0-140 0-99 0-084 1-10 
Ash A 0-107 0:99 0-139 0-99 
Ash B 0-149 1-11 0-109 1-04 
Average — 1-06 — 1-06 


It is worth pointing out that for the low modes of vibration 
of a slender beam, it is not necessary to know s, E or G very 
accurately in order to calculate an accurate correction factor. 
The quantity T [equations (8) and (10)] is of the form 1 + f, 
where ¢ depends on sE/G, and, for example, if f is 0:01, then 
sE/G need only be known to about 10% in order to calculate 
T correct to | part in 1000. 
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Photoelastic properties of plasticised polymethyl methacrylate 
in the glassy state ae 


By J. H. Lamsie, D.Sc., and E. S. Danmoucn, B.Sc., Mechanical Engineering Department, Manchester College 
of Science and Technology 


[Paper first received 28 August, and in final form 23 December, 1957] 


The stress-optical coefficient of polymethyl methacrylate plasticised with dibutyl phthalate 
varies linearly from —4-55 Brewsters (18° C) for the unplasticised polymer to +4:4 Brewsters 
for the polymer plasticised with 20% by weight dibutyl phthalate, being zero when the percentage 
of this plasticiser is about ten. Another plasticiser, polyethylene glycol, when used in the same 
proportion by weight as for dibutyl phthalate, has a much smaller influence on the stress-optical 
coefficient. Optical creep reduces algebraically the value of the stress-optical coefficients. The 
influence of the proportion of the plasticiser on the refractive index and the mechanical 
properties of the plasticised polymers is also studied. 


INTRODUCTION 


There are two classes of natural doubly refracting uniaxial 
crystals,“ namely, positive and.negative. The extraordinary 
index of refraction is greater than the ordinary index in a 
positive crystal (quartz) and is smaller than the ordinary index 
in a negative crystal (calcite). 

Most transparent materials become doubly refracting 
(birefringent) when stressed, with the line of stress corre- 
sponding to the optic axis in a natural doubly refracting 
crystal. The stress-optical coefficient of a material is measured 
in Brewsters, one Brewster being 10~'cm?2/dyn. The 
relationship between the stress-optical coefficient C in 
Brewsters and the material fringe value F in lb/in.? per in. 
per fringe, for sodium light (A = 5893 A), is given by 
Ce 33.63/F: 

In general, a material under a simple tension acquires the 
properties of a positive uniaxial crystal (positive birefringence), 
and under a simple compressive stress those of a negative 
uniaxial crystal (negative birefringence). The convention is 
to consider the sign of the stress-optical coefficient, under 
these circumstances, to be positive. However, there are 
exceptional cases in which the above order is reversed as in 
certain very dense flint glasses, polystyrene above its 
softening temperature,“ and polymethyl methacrylate 
(Perspex).:5) The sign of the stress-optical coefficient is 
then considered negative. 

The authors were interested in obtaining a transparent, 
rigid material showing no stress-birefringence. The only 
known such material is Pockels’ glass. 

Pockels™ observed that the stress-optical coefficients of a 
series of Jena glasses, with silica and lead oxide as their main 
constituents, varied with the percentage of lead oxide present, 
and that a very dense flint containing 80° lead oxide had a 
negative stress-optical coefficient. The curve showing the 
relationship between the stress-optical coefficient and the 
percentage of lead oxide indicated that the stress-optical 
coefficient should vanish for a percentage of lead oxide of 
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about 75. Pockels had a glass of approximately this com- 
position cast and the result obtained verified his prediction. 
Filon®) and, more recently, Waxler and Napolitano ©) 
repeated the tests on flint glasses and obtained similar results 
to those of Pockels. 


POLYMETHYL METHACRYLATE 


Polymethyl methacrylate is an amorphous linear polymer © 
of very high transparency and good machinability. It is 
known under different trade names: I.C.I., Perspex in the 
United Kingdom, Rohm and Haas Plexiglas and E.J. Du 
Pont de Nemours Lucite in the United States of America. 
The stress-optical sensitivity of this material is very low 
compared with most other photoelastic materials. Its use | 
in photoelasticity has, therefore, been confined to exploring | 
isoclinic lines and to such cases where its relative insensitivity | 
is desirable, e.g. in making transparent loading tackle. 

Kolsky and Shearman found that the stress-optical 
coefficient of this material is negative. Robinson, Ruggy and | 
Slantz©) showed that the stress-optical coefficient varies | 
markedly with temperature, showing a sharp maximum of 
—45 Brewsters at 93° C (compared with —3-8 Brewsters at | 
21°C). Tsvetkov showed that the sign of the streaming | 
(or flow) birefringence of polymethyl methacrylate solutions | 
in various solvents is positive. He also showed that the 
streaming birefringence is a parabolic function of the | 
refractive index of the solvent and has a minimum value | 
when the solvent has the same refractive index as the polymer. | 

The present authors measured the stress-optical coefficient 
of commercial plasticised Perspex (5% dibutyl phthalate), and 
found it to be —2-3 Brewsters (18° C). This is almost half | 
as much as that of the unplasticised Perspex. If, by increasing | 
the proportion of the plasticiser, the stress-optical coefficient 
of plasticised polymethyl methacrylate can be reduced | 
numerically still further and its sign reversed, it will then be 
possible to prepare a polymer with a stress-optical coefficient 
of zero Brewsters. 
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Photoelastic properties of plasticised polymethyl methacrylate in the glassy state 


MATERIALS USED IN THE PRESENT WORK 


For the purpose of this work, + in. thick sheets of poly- 
methyl methacrylate plasticised with various proportions 
(0 to 20% by weight) of dibutyl phthalate were specially 
prepared. In addition, for comparison purposes, two 
samples plasticised with 5 and 10° by weight respectively of 
polyethylene glycol were also prepared. The plasticiser was 
added to the methyl methacrylate monomer before poly- 
merization. 


METHODS OF MEASUREMENT 


All tests were made at room temperature (18° C), and 
sodium light (A = 5890 A) was used unless otherwise stated. 

The refractive index was measured by an Abbé refracto- 
meter with sodium light illumination; readings to the fourth 
decimal place could be conveniently observed. Four separate 
readings of each of two specimens of the same sheet were 
made and the average recorded. 

Young’s modulus was determined only in tension, flat 
tensile specimens of uniform thickness, 4 in. (see Fig. 2), 
being strained in the vertical loading frame of a diffused light 
polariscope. Load was applied by means of dead weights 
through a lever having a 10:1 ratio. Two Johansson 
extensometers (8 mm gauge length, forty divisions on the 
scale, each division equal to 8-5 x 10-°in., and with 
provision for re-setting) were lightly clamped, one on each 
face of the specimen, with their knife edges placed on its 
centre line. The absence of any bending was ensured by a 
preliminary loading of very short duration, during which the 
readings of the two extensometers were taken and the colour 
pattern, developed in the specimen in white plane polarized 
light (plane of polarization at 45° to the direction of stress), 
was observed for symmetry. Any bending which existed was 
eliminated by adjustment of the loading pins until proper 
-alinement in all directions was obtained. 

Birefringence tests were made under tension and com- 
pression on flat specimens of uniform thickness, + in. (see 
Fig. 4). The compression specimens were loaded through 
flat pins in a compression attachment taken from the 
Hounsfield tensometer. Fractional fringe orders were 
measured by the Sénarmont method. All sheets tested were 
optically isotropic in the unstressed condition, with the 
polished surfaces normal to the direction of propagation of 
polarized light. 

Mechanical and optical creep occurred when the specimens 
were left under constant load. For stresses up to 1200 lb/in.?, 
creep was complete ten minutes after application of the load 
in any of the specimens tested. The strain or the relative 
retardation was measured directly after loading and again 
after ten minutes for all stresses. The load was then removed 
and, in birefringence tests, the residual birefringence was 
measured. The same specimen was used for successive 
loadings with a recovery time of one hour between two 
loadings. However, when very high stresses had been 
applied, particularly on specimens containing a high pro- 
portion of plasticiser, a large part of the residual birefringence 
remained permanent and other specimens of the same sheet 
had to be used for each subsequent loading. 


RESULTS AND DISCUSSION 
The influence of the proportion of dibutyl phthalate (D.B.P.) 
(a) On refractive index. D.B.P. has almost the same 
refractive index as unplasticised polymethyl methacrylate 
(1:4925 and 1-4909 respectively, sodium light, 18°C). 
Fig. 1 shows the refractive index of the plasticised polymer 
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plotted against the proportion of the plasticiser. It should 
be noticed that the rise in the refractive index is higher than 
that for an ideal mixture. 
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Fig. 1. Change in the refractive index 
A = 5890 A. Temperature, 18° C. 


(b) On mechanical properties. Fig. 2 shows the stress 
versus strain curves in tension of unplasticised polymethyl 
methacrylate and the polymer plasticised with 20% by 
weight D.B.P., the values of stress being based on the 
dimensions of the specimens before loading. The stress 
versus strain curves of the polymers plasticised with inter- 
mediate proportions of D.B.P. lie between the two extremes 
shown and have been omitted for clarity. 


4000 


Stress (Ib/in.2) 


5O exe) 
=4 
Strain (x |O ) 
Fig. 2. Stress-strain curves in tension 
Temperature, 18° C. 


ISO 


<x: for Omin. ©: for 10 min. 

The departure from linearity of the nominally instantaneous 
(O min) curves may be due in part to the higher rate of creep 
directly after loading in the high stress region. It can be 
seen from Fig. 2 that both the extension and the strain-creep 
produced by any tensile stress are higher in the plasticised 
polymer. The stress versus strain curves are straight in the 
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stress range 0 to 1200 lb/in.2 and Young’s modulus was 
determined from the slopes of these lines. In Fig. 3 Young’s 
modulus, before and after creep, is plotted against the 
proportion of D.B.P. 
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Fig. 3. 
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Change in Young’s modulus 
Temperature, 18° C. 


(c) On_ birefringence. Fig. 4 shows the birefringence 
versus Stress Curves under tension and under compression for 
polymethyl methacrylate plasticised with 0, 5, 10, 15 and 
20% by weight D.B.P. 

Both the unplasticised polymer and the polymer plasticised 
with 5% D.B.P. show negative birefringence under tension, 
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Fig. 4. Birefringence—stress curves 


A = 5890 A. Temperature, 18° C. 
x: for Omin. ©: for 10 min. 


and positive birefringence under compression. The effect of 
optical creep is to increase numerically the relative retardation 
in either case in the two polymers. 

The polymer plasticised with 10% D.B.P. is of particular 
interest. Directly after loading no birefringence is obtained 
for stresses below +1000 1b/in.2, but negative birefringence is 
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obtained under higher stresses, either tensile or compressive. 
The effect of optical creep is to increase numerically the 
negative birefringence under tension, while under compression 


the negative birefringence is numerically reduced, goes 


through zero and then becomes positive. 

The polymers plasticised with 15 and 20% D.B.P. show 
positive birefringence under tension and negative bire- 
fringence under compression. The effect of optical creep is 
to reduce numerically the birefringence in either case in the 
two polymers. 
positive birefringence obtained directly after loading in the 
two polymers decreases with time, passes through zero and 
becomes negative. The tensile stress at which this may 
occur depends on the length of time for which the load is 
maintained, but for the same period it is lower in the more 
highly plasticised polymer. This change is usually rapid, is 


accompanied by large plastic flow and crazing marks are | 


produced on the surfaces of the specimen. Such a reversal 
of the sign of birefringence due to optical creep does not take 
place in either polymer under compression, for even higher 
stresses. 

The residual birefringence, upon removal of the load, is 
negative in all specimens tested under tension and positive 
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Fig. 5. Change in stress-optical coefficient 


Temperature, 18°C. x: forQOmin. ©: for 10 min. 


the proportion of the plasticiser. The stress-optical coefficient 
(0 min) varies linearly from —4-55 Brewsters for un- 


Under sufficiently high tensile stresses the | 


in all specimens tested under compression, and is equal to 
the change in birefringence due to optical creep. 

The stress-optical coefficients were determined from the 
average slopes of the curves in Fig. 4 in the stress range 
—1200 to -+1200 lb/in.2, and are plotted in Fig. 5 against 


plasticised polymethyl methacrylate to +4-4 Brewsters for _ 


the polymer plasticised with 20°% D.B.P., and vanishes whe 
the percentage of D.B.P. is ten. ? 
The effect of optical creep is to reduce algebraically the 
value of the stress-optical coefficient by almost the same 
amount in all polymers tested. As a result, the percentage 
of D.B.P. at which the stress-optical coefficient vanishes is 
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Photoelastic properties of plasticised polymethyl methacrylate in the glassy state : 


zreater than ten, when the effect of optical creep is taken 
into account, 


Polyethylene glycol (P.E.G.) ; 


The refractive index of P.E.G., mol. wt 600, is 1:°4651 
(sodium light, 18°C). The two samples of polymethyl 
methacrylate plasticised with 5 and 10% by weight P.E.G. 
respectively, have the same refractive index of 1-4922. The 
birefringence versus stress curves lie between those of the 
unplasticised polymer and those of the polymer plasticised 
with 5% D.B.P. (Fig. 4) and are of the same shape. 

The effect of P.E.G. is also to increase algebraically the 
Sstress-optical coefficient, but to a much smaller extent 
compared with the effect of D.B.P. used in the same pro- 
portion. The stress-optical coefficient appears to vary 
linearly from —4-55 Brewsters for the unplasticised poly- 
methyl methacrylate to —3-:25 Brewsters for the polymer 
plasticised with 10% by weight P.E.G. The effect of optical 
creep and the sign of the residual birefringence after the 
removal of the load are the same as when D.B.P. is used. 


CONCLUSIONS 


It is considered that the results obtained from the present 
investigation throw more light on the mechanisms of bire- 
fringence in linear amorphous polymers, and also on the 
action of plasticisers. 

It is now possible to prepare a rigid plastic, of high trans- 
parency and good machining properties, with a stress-optical 
coefficient at room témperature of zero Brewsters. This is 


polymethyl methacrylate plasticised with 10°% by weight 
dibutyl phthalate. This material shows no stress_bire- 
fringence under a limited range of stress, +1000 Ib/in.?, but 
a slightly higher proportion of plasticiser has to be used if 
the effect of optical creep is taken into account. 
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The theory of ballast tubes or barretters 
By R. O. JENKINS, A.R.C.S., D.I.C., Ph.D., F.Inst.P., The General Electric Co. Ltd., Wembley, Middlesex 
[Paper received 20 March, 1958] 


The theory is based on a simple graphical method of solving the equation of thermal equilibrium 
of an electrically heated wire in a gas-filled enclosure. The results account for the main operating 
characteristics and have accurately predicted the ratings of various low voltage barretters. It 
is also shown why, in practice, barretters have always consisted of an iron wire in hydrogen. 


INTRODUCTION 


Two papers“'-*) have appeared recently discussing the theory 
of the action of ballast tubes or, as they are often called, 


barretters. A barretter consists essentially of an electrically 
heated iron wire mounted in an enclosure containing 
hydrogen. As the voltage applied across the wire is 


increased, the current increases steadily up to a certain 
value. Beyond this point it remains sensibly constant while 
the voltage is approximately doubled. Yet a further increase 
in voltage causes the current to rise again. This results in a 
current-voltage characteristic as shown in Fig. | (curve c). 
As the voltage is increased along the “plateau,” visible hot 
spots develop along the wire, and gradually extend till the 
whole wire is at an approximately uniform temperature 
(about 800° C) when the upper end of the plateau is reached. 
These barretter tubes are used to absorb fluctuations in the 
voltage applied to circuits such as thermionic valve heater 
chains in which it is desired to maintain a constant current. 

The recent paper of Minter“) sought to explain the hot 
spot formation by a phenomenological approach, while the 
paper of Armstrong™ discussed the action in more general 
terms using the simpler approach of considering a uniform 
wire temperature. These two approaches do not appear to 
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account completely for all the properties observed nor do 
they lead to numerical values. 
In this paper a simple approach to the problem is described 


Current (A) 


temperature 


Voltage (V) 


Fig. 1. Current-voltage characteristic curves of a low 
’ voltage barretter 
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which accounts for the plateau accompanied by the hot spot 
formation, and also for the effect of bulb temperature on 
the plateau characteristic. Numerical formulae are also 
derived which have been used during the last two years in 
these laboratories to design barretters. These formulae have 
predicted ratings of various types to an accuracy of about 
10%. 
DEVELOPMENT OF THEORY 


The approach adopted is a graphical method of solving_a 
simple equation of thermal equilibrium for the hot wire. 
Consider a wire of uniform radius r cm and length / cm carry- 
ing a current iA and operating at a uniform temperature 
T° C. If its specific resistivity at temperature T° C is o7 Q cm, 
then W, the heat generated in watts is given by 


W = Pozl/rr? (1) 


If the rate of heat loss from the wire is uniform along its 
length and is only by thermal conduction through the gas, 
then for thermal equilibrium in the wire 


We 2 Keel = 17) (2) 


where K is a constant depending on the geometry of the 
wire and envelope, g the thermal conductivity of the gas, and 
To the temperature of the envelope. 

At this point the validity of the assumptions made in 
equation (2) should be examined. It may be shown by 
consideration of thermal radiation and conduction constants 
that below a temperature of about 800° C, the heat lost by 
radiation in a typical barretter is less than about 10% of 
that lost by conduction. The relative loss through the wire 
supports depends on their number and spacing and also on 
the diameter of the wire. It is likely to be negligible for a 
low current high voltage barretter but begins to become 
apparent for tubes with operating resistances of below about 
1 QQ. The assumption that heat is lost by thermal conduction 
and not by convection appears justified for the usual pressure 
of hydrogen, because the thickness of the stagnant gas layer 
~ should be much greater than the diameter of the bulb. 
~The thermal conductivity g varies only slightly with tempera- 
ture so that a constant value corresponding to about 400° C 
can be assumed. It may thus be seen that for an approximate 
theory the assumptions inherent in equation (2) are justified. 

By combining equations (1) and (2) it may be seen that 

Kear? 
Sb (ine rsa = 
il 


This equation may be solved graphically as follows. 
or is plotted as a function of 7. The data for this was 
obtained by combining values for 0-600° C from the Inter- 
national Critical tables with values for the 600°-1000° C 
range obtained experimentally. 

The right-hand side of equation (3) when plotted as a 
function of T is a straight line through T = 7p with a slope 


¢ where 
(4) 


The solution of the equation (3) is thus the intersection of 
the o7 curve and this straight line. 


CEJ) (3) 


tan d = Kemr?/i7] 


APPLICATION OF THEORY 


The plateau characteristic and formation of hot spots. 
This graphical procedure is shown in Fig. 2. The bulb 
temperature Ty is assumed to be about 80°C which is a 
reasonable practical value. A family of lines through 
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Ty = 80° C may be drawn intersecting the o7 curve giving 
corresponding values for T and a7. 

The line with ¢ = 90° corresponds from equation (4), to 
zero current, and reducing the angle ¢ corresponds to 
increasing i. It will be seen that as i increases, the inter- 
section of the a7 curve and line moves steadily up the a, 


120 


om 
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Fig. 2. Resistivity temperature curves for iron 


curve, corresponding to a steady increase in temperature and 
resistivity. When T reaches 400° C the straight line becomes 
Just tangential to the a7 curve and the slightest decrease in ¢, 
corresponding to an increase in i, results in 7 rising to over 
700° C. This causes a large increase in oy and hence in the 
voltage across the wire for a negligible increase in current. 
It is this transition which results in the plateau. 

This transition occurs at any point along the wire which 
reaches the critical temperature of 400°C. As a result of 
thermal conductivity along the wire, the centre of a limb 


usually reaches this temperature first, and a hot spot forms | 
With an increase in applied voltage, it generally | 


there. 
spreads until an obstruction such as a support is reached. 
When this happens, a further increase in applied voltage 


results in another hot spot forming on an hitherto cool | 
section of the wire, and so on until all the wire has risen to | 


the upper temperature. 


Variation of plateau characteristic with bulb temperature. ' 
It is of interest to consider what happens if the bulb tempera- | 
Experimental curves for a particular | 
barretter are shown in Fig. | corresponding to bulb tempera- | 


ture Tp is varied. 


tures of —80° C, 30° C, 80° C and 200° C. It will be seen by 


drawing the family of lines corresponding to a variation in i 


through the point 7) = 200° C on Fig. 2 that for no value 
of ¢ does the line become tangential to the curve, thus 
explaining why a flat plateau is not observed. Hot spot 
formation should be absent and is, in fact, very considerably 
reduced and what remains is probably due to local inhomo- 


geneities in the wire or variations in geometry. It will be | 


observed that between 500° and 700° C, T and o7 are varying 
rapidly with ¢, thus giving a short section of current voltage 
characteristic with a fairly low slope. 
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Considering now Ty = 30°C it may be seen that the 
ateau should start at T = 370° C, o, = 48 wQ cm and end 
itt T= 750°C, o, = 103 wXQcm. This means that the 
/oltage ratio between top and bottom of the plateau should 
ES a Curve (b) of Fig. 1 indicates a ratio of 2/0-9 which 
SS DRSPPD: 

Considering Ty) = — 80° C the line becomes tangential to 
he curve at T = 230° C, o, = 30 nQ cm, and intersects the 
surve again at T = 1000°C, oy = 114 wQem, resulting in 
1 voltage ratio of 3-8. The experimental voltage ratio from 
surve (d) of Fig. 1 is 2:4/0-65 which is 3-7. 

It may thus be seen that this simple approach has accounted 
at least qualitatively for the main features of barretter 
operation. 


. ° | tie 
Derivation of numerical formulae. Perhaps the most 


attractive feature of this method of treating the problem is | 


that it leads to simple numerical formulae which have been 
valuable in designing barretters. Referring to Fig. 2 and 
assuming T) = 80° C it may be seen that the plateau cor- 
responds to a rise in op from o, = 50 to «3; = 100 wQ cm 
approximately and to a line for which tand = 0°15 wQ cm/°C. 

To derive a value of i for a particular wire from equation 
(4) it is essential also to know K and g. A value for g of 
6 x 10-4+calcm for hydrogen at a pressure of 10cm 
mercury has been assumed. This pressure has been chosen 
as the thermal conductivity varies only slowly with the 
pressure in this region. 

K can only be calculated analytically for very simple 
configurations, the most useful of these being a wire along 
the axis of a cylinder. In this case 


Aude 
log, (a/r) 
where J = 4-2 W/cal and a is the radius of the bulb in cm. 
Combining equations (4) and (5) and using the appropriate 
figures derived from the graphical solution, we have 
As 3800r 
[logy (a/r)}? 


The corresponding voltages across the wire at the beginning 
and end of the plateau are given by 


(5) 


(6) 


iol 6:04 x 10> > 

¢ mr? r [logy (a/r)}? ” 
. i = 

y, — ia! _ 12:08 x 10771 o 


Ti 


r[logio (a/r)]* 


For other arrangements of the wire and enclosure the 
value of K may be derived by using the electrolytic analogue. 
({n the design of low voltage barretters in which equations (6) 
7) and (8) have been used, the wire was generally in the form 
of an open-coil. It was found by using the electrolytic 
inalogue that the effect of coiling on K was in many cases 
aegligible, although for close coiling it could have a large 
>ffect. As an illustration of the use of these numerical 
ormulae the barretter whose curves are shown in Fig. 1 had 
values of r = 0:01 cm, / = 2:5cm, and a = 1-:2cm while 
he effect of coiling was found by a simple electrolytic 
>xperiment to be negligible. Inserting these figures in 
squations (6), (7) and (8) i=2:63A, V; =1-04V, 
V, = 2-09 V compared with the experimental values for 
Fig. 1 (curve c) of i = 2:65 A, Vi = 0°85 V, V2 = 1-75 V. 

The experimental values of V are slightly low because of 
the end cooling of the wire which shortens its effective 
ength. From observation, this end cooling prevents about 
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2-3 mm of each end of the wire from reaching a visible 
temperature in operation. As the wire is a single length and 
is relatively large in diameter, only a single hot spot, at the 
centre of the wire, is observed, and this spreads as the voltage 
is increased along the plateau. 


DISCUSSION 


It will be seen that this very simple approach to the problem 
not only accounts for the main operational features of the 
barretter but gives a surprisingly accurate estimate of the 
ratings. 

It also clearly demonstrates that the truly flat plateau in 
the operational current-voltage characteristic is the result of 
losing most of the heat by gaseous conduction, combined 
with an inflexion in the resistivity-temperature curve for iron. 
This allows a straight line through Ty) = 50-100° C, cor- 
responding to thermal conduction, to become tangential with 
the resistivity temperature curve and to intersect it again at 
a higher temperature. It appears that iron is unique in this 
respect, in that the inflexion point is at a sufficiently high 
temperature and is also accompanied by a rapid rise in 
resistance below the point of inflexion. ! 

Nickel also has a point of inflexion in the resistivity- 
temperature curve as shown in Fig. 3. This is at a lower 
temperature than iron, and results in a plateau of negligible 


OT resistivity (uacm) 


400 9 
Temperature (C) 


800 


Fig. 3. Resistivity temperature curves for nickel and 


tungsten 


nickel. 
tungsten. 


length as may be seen from the diagram. A useful plateau 

would be obtained with a bulb temperature of about . 
—100° C. The case of tungsten is also of interest as this 

metal has no inflexion, but has a greater rate of rise of 

resistivity with temperature than most other metals. Fig. 3 

shows the resistivity-temperature curve with a family of lines 

drawn through Ty) = 80°C. It will be seen that no true 

plateau is possible in this case. 
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One other point meriting discussion is the effect of using 
other gases. Any other gas than hydrogen will have a lower 
thermal conductivity and the heat lost by radiation may 
become significant. Equation (2) would then be augmented 
by a term R(T* — T$) for radiation heat loss. This results 
in the family of lines through Ty deviating from the straight 
in an upward direction. It can be seen that a significant 
curvature may cause the lines always to intersect the resis- 
tivity curve, even for iron, in one point, and never become 
tangential. This would result in a current-voltage relation- 
ship similar to curve (d) of Fig. 1. In any case the plateau 
obtained with any other gas will tend to be shorter than that 
obtained with hydrogen at the usual filling pressure. 


Osram Valve Co. Ltd., 
carried out, for permission to publish this paper. 


The conclusion of this analysis is that a better combination 


than iron wire in hydrogen is unlikely to be found. 
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The bistable behaviour of the magnetic transductor | 
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regions.(!-3) 


It has been found experimentally that in each region two modes of output 


current exist, differing only by the phase, which these currents have with respect to the exciting 


voltage. 


It is already well known that the second harmonic magnetic transductor has instability 
Under suitable parameters and excitation conditions, the transductor will jump from 
| 


one mode of operation to the other, whenever the exciting current is modulated with a negative 


pulse. 


It has been shown by various authors that the capacity 
loaded second harmonic magnetic amplifier has instability 
regions where a current will flow in the output winding 
even in the absence of a signal current.“-3) The frequency 
of the output current in unstable operation is equal to, or 
a harmonic of the frequency of the exciting current. 

In the course of investigation of the properties of the 
second harmonic magnetic amplifier, it was found that there 
exist two modes of oscillation which differ only by the phase 
the output currents have with respect to the exciting voltage, 
but are otherwise identical. This effect was experimentally 
found at oscillations of the fundamental, second“ and up 
to the eleventh harmonic of the exciting current frequency. 
The explanation of this phenomenon lies in the fact that to 
a good approximation the inductance is a function of the 
absolute value of the exciting current,@ and if the latter is 
an odd function, the output circuit does not distinguish 
between the positive and negative half-cycles of exciting 
current, leading to the above-mentioned two modes. When 
Operating at the second harmonic frequency, either of these 
modes can be forced by injecting a pulse of direct current in 
the signal winding. By reversing the sign of the pulse, the 
other mode will occur. The same result is obtained by 
inducing a small remanent magnetization in the desired 
direction when the exciting current is cut off. When the 
amplitude of the exciting current is raised enough to reach 
instability, oscillation will start in the same mode that 
would occur in the presence of a direct signal current inducing 
a magnetization in the direction of the remanance. 

With suitable circuit parameters and excitation conditions, 
each time the exciting current is decreased and increased 
again (modulated) the phase of the oscillating current with 
respect to the exciting current reverses. The device operates 
then as a single stage binary counter, with an exciting current 
modulation pulse as the signal. The mode is remembered 
even after the exciting current has been switched off for days. 
However, if after each reduction of exciting current the core 
is demagnetized with a slowly decaying alternating current, 
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It therefore operates like a bistable element. 


oscillations will occur in an unpredictable mode. Th 
bistable behaviour was also found at other harmonics. It 
may perhaps be of interest to mention that in one-crossed 
field ferrite transductor, oscillation of the fundamental 
frequency always began in the same mode, obviously due to 
a screw-type asymmetry of the material. With a proper 
adjustable biasing field this asymmetry was nullified and the 
bistable behaviour occurred. 

Experiments suggest that bistable behaviour occurs only 
when the amplitude of oscillation increases and decreases 
abruptly, as in a ferroresonant circuit, and not reversibly 
This can easily be achieved as the values of the parameters 
are not critical. Furthermore it should be noted that the 
waveform of the modulating pulse of exciting current need 
not be of a specific shape, and modulation depth need only 
be a small fraction of the exciting current amplitude. Flipping 
can also be brought about by frequency-modulation of the’ 
exciting current and in some cases by a modulation of a 

circuit parameter such as the loading condenser. 

Ferrite transductors of various types including the ae 
parallel field amplifier,©) the hollow toroid (Fig. 1) and! 
the McCreary cross valve type” (Fig. 2) were built in order} 
to test the bistable behaviour. The hollow toroid crossed! 
field transductor of Fig. 1 was operated as a bistable device’ 
when oscillating at the second harmonic. The loading 
capacitor was 9F, the exciting current approximately! 
7:5 A peak and its frequency 320 c/s. The waveforms of the: 
exciting current and the voltage on the capacitor are shown 
in Fig. 3. The complete cycle of the bistable device can be! 
followed. The pairs of lines, a to e, in the oscillogram are: 
taken simultaneously. The upper line in each pair is the 
voltage in the loading condenser and the lower line is the 
exciting current taken for phase comparison. If the exciting 
current is increased from zero, the voltage on the condenser 
increases reversibly up toa certain amplitude, and _ this 
amplitude is shown in a. By further increasing the excitation, 
the output voltage increases irreversibly to the amplitude 
shown in b. On lowering the exciting current, the output 
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The bistable behaviour of the magnetic transductor 


voltage decreases irreversibly to the value shown in c. It 
can be seen that the phase of oscillation with respect to the 
exciting current reverses during this irreversible change. On 
increasing the excitation again, the output voltage increases 
reversibly up to the amplitude shown in d, and then jumps 
irreversibly to the value in e. On now decreasing the exciting 


exciting 
current 
Fig. 1. Hollow toroid transductor operating as a 
bistable device. The core is of ferrite material (Ferrox- 
cube If B2).. The exciting winding nm, consists of one 
turn 0-7mm wire and the output winding n, of 200 
turns of the same wire 


36 mm. 


Fig. 2. Transductor of the McCreary type of ferrite 
(Ferroxcube III B2) the exciting winding n, consists of 
6 turns of 0-7 mm and the output winding x, of 31. turns 
of 0:25 mm wire. The thickness of the ferrite is 6 mm 


current, the output voltage will decrease irreversibly and its 
phase will reverse again to that of a, thus completing the 
cycle. The transductor of Fig. 2 was operated as a bistable 
device oscillating at the fundamental frequency. The exciting 
current was about 1 A peak at 7:5kc/s driven from an 
approximately sinusoidal voltage generator. The load 
consisted of a resistance of 15Q in series with 0-15 uF. 
The waveforms of the exciting and output current are shown 
in Fig. 4. The bistable cycle, a to e, is as in Fig. 3 except 
that a, c and d have been amplified on this oscillogram by 
40 dB. In 4 the amplitude of the output current was 0:25 A 
peak. One can observe in Figs. 3 and 4 that the reversing 
of the phase of the output voltage or current occurs during 
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the irreversible decrease of oscillation. A small transductor 

for higher frequencies was also built. It consisted of a ring 

of ferrite (Ferroxcube 3c) with a hole drilled through 

its wall to accommodate the output winding. It operated 

satisfactorily as a bistable device oscillating at the second 

harmonic with the exciting frequency of 200 ke/s. 
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Fig. 3. Complete bistable cycles of hollow toroid 
transductor oscillating at second harmonic, operated by 
changes in amplitude of exciting current. Upper line in 


each pair is the voltage on the capacitor, lower line is the 
exciting current 


AE Aswan ce 


Fig. 4. Complete bistable cycle of the McCreary trans- 

ductor oscillating at fundamental frequency operated by 

changes in amplitude of exciting current. Upper line in 

each pair is the output current, lower line is the exciting 
current 


In conclusion, it can be said that two modes of current 
occur in each instability region of the magnetic transductor. 
The phases of these two modes differ by 7. Under easily 
obtainable and not critical parameters the transductors will 
jump from the one mode of oscillation to the other mode, 
if the exciting current is temporarily reduced or the loading 
capacity is temporarily changed. 
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Proceedings of the congress on modern analytical chemistry in 
industry. (Cambridge: W. Heffer and Sons Ltd., for 
The Society for Analytical Chemistry, 1958.) Pp. 
vii + 244. Price £2 2s. 


The papers presented to the Congress held in June 1957, 
are recorded in this well-produced volume, with the dis- 
cussions appropriate to each. They purposely contain little 
specialized detail, but they are directed primarily to those 
who wish to know how analysts can best be of service to 
them. Modern techniques and applications in various 
organizations are reviewed broadly, so that both the analyst 
and the user of analytical facilities have standards of com- 
parison for re-appraising their own practices. The physicist 
will be interested in the expanding use of physical techniques, 
particularly for control purposes, but he will also be made 
aware that instrumentation can only be successful when it is 
backed by first-class analytical research and standardization. 
The volume could be studied with profit by several different 
types of people, and the Society for Analytical Chemistry is 
to be complimented on expeditious publication before the 
subject-matter is out of date. M. MILBOURN 


Proceedings of the international conference on fatigue of 
metals, 1956. (London: The Institution of Mechanical 
Engineers; New York: The American Society of 
Mechanical Engineers, 1958.) Pp. v+ 961. Price 
£4 10s. 5 


The subject of the fatigue of metals has engaged the attention 
of a considerable number of eminent investigators during 
the past 40 years. The Proceedings of an international 
conference on the subject, held under the sponsorship of the 
Institution of Mechanical Engineers and the American 
Society of Mechanical Engineers in 1956, have now been 
published and show very clearly that world activity in this 
important field, which is of such significance to engineers, is 
still very great. Over 80 papers were presented to the 
conference, and with the rapporteurs’ summaries and the 
discussion these occupy over 900 pages. That the conference 
was truly international in character is shown by the fact that 
papers were submitted from Great Britain, United States, 
France, Germany, U.S.S.R., Australia, and Japan. It is of 
interest to note that nearly half the total number of papers 
were from Great Britain. 

The conference was arranged in sessions so that each 
session dealt with a specific aspect of the subject and the 
Proceedings are correspondingly arranged so that reference 
to the most recent work on a particular aspect can be very 
conveniently made. 

It is impossible, in such a short review as this, to do justice 
to the really vast amount of valuable and up-to-date 
information given in this single volume. One can therefore 
give only general, overall impressions, which can be sum- 
marized as follows: 

(i) Since a very large proportion of the failures of metals 
in service is due to fatigue it is not surprising that these 
Proceedings reveal the great effort going on in the world to 
enlarge our knowledge of the subject. 

(ii) Despite the considerable work that has been, and is 
still being, done there is still a very large area to be explored 
and many more data are required. The present papers show, 
for example, that the effect of very high speed alternations of 
stress is still far from clear and more information on fretting 
and ways and means of minimizing it is urgently required. 
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Additional work is necessary on the size effect, more 


information is desirable on the cumulative effect of fatigue | 
so that the designer can predict the likely performance of | 


members subject to random service loads, whilst the basic 
studies of the subject have still not produced an acceptable 
understanding of what happens when a metal is fatigued. 

(iii) On the one hand one must have sympathy with the 
engineering designer who, when fixing his working stress 
may have to take account of stress raisers, random overloads, 
fretting, corrosion, temperature, etc., whilst on the other 
hand there must be some impatience with him because it is 
clear from the papers that many failures still occur due to 
ungenerous fillet radii and other unnecessary stress, raisers 
and hence imply that the designer has not yet learned lessons 
taught long ago. 

As one would expect from such eminent sponsors, the 
Proceedings are well arranged, well printed, with graphs of 
sensible size and well reproduced microphotographs. The 
volume will be a ‘‘must” for all students of the subject but 
it is important to add that many of the papers are of an 
essentially practical character and are of clear and immediate 
value to many branches of engineering design. 

N. P. INGLIS 


International Scientific Radio Union: Proceedings of the 
XIith general assembly. Vol. XI, Part 1, Commission 1; 
On radio measurements and standards. (Brussels: 
International Scientific Radio Union, 1957.) Pp. 78. 
Price 14s. 6d. 


The contents of this publication follow closely the objects of 
the International Scientific Radio Union, which are to 
review at regular intervals the state of scientific knowledge 
in each of seven fields into which the subject is divided, to 
provide opportunities for discussion and to formulate 
programmes of work particularly where international 
co-operation is needed. 

The reports of 12 national committees give a broad survey 
of the developments in standards and measuring techniques 


made during the period 1954-57, and the comprehensive list 


of references facilitates a thorough study of the field. Short 
accounts are given of the meetings of Commission 1 held 


at Boulder, of the resolutions that were passed and of the | 


summary of the Chairman, Mr. B. Decaux. Mr. Decaux 


stressed particularly the importance of the development of | 
atomic standards and the need for comparing standards of | 
One way of effecting this | 
was the use of low frequency standard transmissions such as | 


different types and constructions. 


the MSF transmissions from Rugby. 


It will be recalled that the Union was the first international 


body to adopt the improved value for the velocity of light 
determined by the use of short radio waves. 
adopted at Sydney in 1952 was 299792 + 2km/s. In view 
of the more precise measurements made since then a new 
resolution recommends the use of the value 299792-5 + 
0:4 km/s. L. Essen 


Proceedings of the international symposium on_ isotope 


separation. Edited by J. KisteMAKER, J. BIGELEISEN and | 


The value | 


A. O. C. Niger. (Amsterdam: North-Holland Publishing | 


Co., 1958.) Pp. xx + 704. Price 110s. 


This book consists of a collection of somewhat expanded 
versions of the papers presented at the symposium on isotope 
separation held in Amsterdam in April 1957. There are 63 
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chapters, one for each of the papers presented. These are 
grouped according to the method of separation adopted. 
Thus, for example, Part III of the book consists of 10 chapters 
on the chemical exchange method of separation. There are 
2 chapters on ultracentrifuges, 13 on electromagnetic 
separation, 10 on diffusion, 7 on thermal diffusion, 11 on 
distillation and related topics, 6 on electromigration and 
4 on chemical engineering aspects. Five chapters are in 
French, 11 in German, and the remainder in English. The 
papers in French and German have abstracts in English. 

The contributions differ very widely in their nature and in 
their length. A few chapters are mere abstracts of one or 
two pages, some consist of reviews, while many refer to 
particular experimental or theoretical work, most of which 
has not previously been published in detailed form. 

This book will be welcomed by all who work in the field 
of isotope ‘separation. Never before have so many papers 
on the many and diverse methods of isotope separation been 
gathered together under one cover. It is, of course, not a 
textbook, but it contains enough authoritative articles to 
ensure its success as a reference book. 

The publishers are to be congratulated on the excellence of 
the production; after having seen the book one is less shocked 
by the price. T. F. JoHNs 


Electromagnetic isotope separators and applications of electro- 
magnetically enriched isotopes. By J. KocuH (Editor), R. 
H. V. M. Dawton, M. L. SmirH and W. WALCHER. 
(Amsterdam: North Holland Publishing Co., 1958.) Pp. 
xi + 314. Price 53s. 
This is a very welcome book on a subject which had its 
beginnings 24 years back, which has grown to undreamt-of 
proportions during and after the war, and of which this is 
the first comprehensive monograph. It is written by a team 
of experts with first-hand experience in electromagnetic 
separators. The Editor, J. Koch, is in charge of the isotope 
separator of the Institute of Theoretical Physics in Copen- 
hagen. W. Walcher, who started working in this field in 
1937, is the designer of the Marburg separator, while 
R. H. V. M. Dawton and M. L. Smith are in a position to 
report competently not only on the British but also on the 
American work, during and after the war. 

The first four chapters, by J. Koch, contain a historical 
introduction which leads up to the modern medium-size 
separators of Marburg (Walcher), to the four, essentially 
similar, separators of Copenhagen, Stockholm, Uppsala and 
Gothenburg, and to the Saclay separator (Bernas), which 
has many striking original features. Chapters V-VIII, by 
Dawton and Smith, are perhaps the most impressive, as they 
sive a brief but comprehensive description of the astounding 
wartime development in the United States, which, within a 
few years raised the electromagnetically separated quantities 
from micrograms to grams in the largest electromagnetic 
machines ever built, the separators of Oak Ridge which 
weigh over 5000 tons each. The authors describe in more 
jetail the smaller but still gigantic Harwell machines, the 
180° separator (with a magnet weighing 400 tons), and the 
0° separator for radioactive materials (HERMES), with its 
almost fantastic safety precautions. Dawton and Smith 
sontribute three further chapters on operational experiences, 
und on the chemistry and applications of enriched isotopes. 
[he last three chapters are the work of W. Walcher, which 
reat somewhat briefly but competently the ion-optics of 
eparators, the physics of arc sources, and the mechanism of 
pace charge neutralization. If the chapter on the physics 
yf arc sources appears less satisfactory than the rest, this is 
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not the fault of the author but of the subject. The arc 
“played such phantastic tricks under High Heaven” as to 
beat the brilliant British-U.S. team, but by rousing the 
permanent interest of some members of the team, it became 
one of the main causes of our present better understanding 
of plasmas in magnetic fields. 

By the nature of things only a small number of physicists 
or engineers will ever be required to design or to operate 
electromagnetic separators. The chapter on the application 
of isotopes on the other hand may appeal to a very wide 
circle of scientists. But the book may be recommended also 
to those who have no professional connexion with electro- 
magnetic separators or isotopes, because it tells in a masterly 
way the fascinating “‘success story”’ of a physical instrument 
which has grown into a giant. D. GABOR 


Translated from the Russian by 
J. E. S. Braptey. (London: Pergamon Press Ltd., 
1958.) Pp. vi+ 182. Price 60s. 


The U.S.S.R. Academy of Sciences held a conference in 
January 1956, to discuss the physics of fission, and the 
papers presented to the conference subsequently appeared in 
book form. Dr. Bradley has made an excellent translation of 
the text and the English reader is now able to judge the level 
which Russian work on the subject had reached at that time. 

Those physicists who have only a slight knowledge of 
fission physics will find this volume to be a valuable textbook 
for introducing them to the subject. Fission theory is briefly 
described, and this is followed by chapters dealing with fission 
cross-sections, and the other well-known features of neutron 
induced fission, the charge and mass distributions of the 
fission products, the number of neutrons emitted and their 
energy spectrum. Separate chapters cover spontaneous 
fission, photofission and fission thresholds. Over. four 
hundred references to original work are given, and a large 
proportion of them refer to work printed in English. The 
book is well printed and is well illustrated by diagrams. 

D. J. LiTTLer 


Physics of nuclear fission. 


Progress in nuclear physics. Vol. 6. Edited by O. R. Friscu. 
(London: Pergamon Press, 1957.) Pp. vii + 297. 
Price 84s. 


The main emphasis in Vol. 6 of Professor Frisch’s Progress 
in nuclear physics is on isotopic masses and isotope separation. 
On the first topic, there are two very comprehensive articles 
by H. E. Duckworth for A > 40 and by J. Mattauch and 
F. Everling for A < 40. These describe in full detail both 
direct determinations and the data obtained in nuclear 
disintegrations. The description of isotope separation 
methods fulfils a real need, since very little has been written 
on the subject. M. L. Smith gives an excellent account of 
the electromagnetic separation process, originally designed 
for separating uranium, but now mainly used for the pre- 
paration of targets of various indispensable isotopes for 
nuclear physics work. The general article on multistage 
methods by T. F. Johns is unfortunately too brief and, 
presumably for reasons of secrecy, the most important 
process, that of membrane diffusion, is hardly referred to at all. 

Related to the articles on masses, there is a very useful 
article on nuclear moment and spins by K. F. Smith which 
surveys the experimental methods and the results obtained. 
G. N. Walton contributes an article on fission recoils, most 
of which is concerned with slowing down effects, and chemical 
effects in materials. 

There is a valuable article on mesonic X-rays by M. B. 
Stearns, and the volume is completed by two articles on 
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theoretical physics, one by R. J. Eden on nuclear models 
and the other a rather brief account by O. R. Frisch and 
T. H. R./Skyrme on parity non-conservation in weak inter- 
actions. Unfortunately the subject of the last has moved so 
rapidly, both experimentally and theoretically, that the 


description EHien is already somewhat incomplete. 
H. W. B. SKINNER 


By H. HINTEN- 
Did. l95 72) 


Nuclear masses and their determination. 
BERGER. (London: Pergammon Press 
Pp. vi + 267. Price 84s. 

The need for more precise measurement of the nuclear 
masses became apparent some ten years ago when it was 
found that the values accepted at that time did not always 
satisfy the energy equation in the study of a nuclear reaction. 
This led to an extensive redetermination of the masses by 
both mass spectroscopists and nuclear physicists. The book 
reports the problems encountered in those measurements 
and is the proceedings of a conference held in July 1956 at 
the Max Plank Institute for Chemistry, Mainz, Germany. 

The methods of mass spectrography and of nuclear 
reaction studies are described in detail. The results obtained 
are critically discussed and some of the papers attempt to 
resolve the discrepancies which still exist. The papers are 
largely concerned with the experimental techniques and 
instruments constructed for this field of research. It is an 
authoritative publication, containing a wealth of practical 
information which will be invaluable to mass spectroscopists 
and nuclear physicists concerned with the problems of mass 
measurement. 

The inclusion of a table summarizing the accepted values 
for the nuclear masses would have been useful. 

G. H. PALMER 


By J. E. Hooper and M. SCHAREF. 


The cosmic radiation. 
: ae) peel iz 


(London: Methuen and Co. Ltd., 

Price 12s. 6d. 
During the last decade our knowledge of the properties of the 
primary cosmic radiation and its behaviour in the earth’s 
atmosphere has developed enormously. Several long mono- 
graphs and very many review articles on this work have 
appeared; the present book, however, is a very useful intro- 
duction to the subject, covering almost all the main topics 
of current activity. Naturally, in the space of 172 small pages, 
the authors have only been able to give a sketchy treatment 
of the subject, nevertheless, the treatment is not superficial 
or even elementary. 

The plan of the book is conventional, it contains chapters 
dealing with experimental techniques, the nature of the 
primary radiation, the properties of nuclear and electro- 
magnetic interactions, the unstable particles produced by the 
radiation in the atmosphere, a general description of the 
degradation of the primary energy in the atmosphere and 
finally some brief comments on the spectra of the cosmic-ray 
particles at sea-level and underground. 

The book is well written and produced and should be 
particularly valuable to the physicist who wants a brief but 
reasonably up to date (January 1957) account of the subject. 
It will also have a limited use as an introductory book for 
intending research workers in the field of cosmic-ray or 


high-energy physics. C. C. BUTLER 
Cosmic electrodynamics. By J. W. DuNncGey. (London: 
Cambridge University Press, 1958.) Pp. ix + 183. 


Price 32s. 6d. 
Dr. Dungey’s book on cosmic rays has appeared at a very 
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opportune moment. It is quite clear now that the eval 
of the galactic system has been governed in large measure by 
electromagnetic effects. Since the pioneer work of Alfvén 
on magnetohydrodynamics very great interest has developed 
in this complicated subject. Only the elements of it are under- 
stood and there is immense scope for further work, both } 
mathematical and experimental. Quite independently of the } 
realization of the importance on a cosmic scale of the properties | 


of highly ionized matter moving in electric and magnetic 

fields, the exciting problem of obtaining controlled fusion } 
reactions brings in: very nearly the same physical principles. | 
At the recent Atoms for Peace Conference at Geneva there | 
were very many contributions to the theory and.experiment } 


of obtaining high temperatures essentially by magnetohydro- 
dynamic means. Though it may take several decades to 
achieve success, many scientists believe that it should be 
possible to harness the energy of the fusion of the light 
elements for producing useful power. This, at any rate, is 
the main incentive for the vast amount of work in Progress | : 
all over the world in this field. 
This book covers in an elegant and straightforward fashion | 
the physics of motion of highly ionized matter under the } 
influence of electromagnetic fields. Dr. Dungey’s special }) 
interest is towards the galactic and solar applications, and | 
his book can be strongly recommended to any student of this 
subject. A considerable part of the book, however, is also | 
applicable to students of plasma physics in the laboratory, 
and is greatly to be welcomed. P. M. S. BLACKETT 


Missile engineering handbook. By C. W. BESSERER. (New 
York: D. Van Nostrand Co. Inc.; London: D. Van } 
Nostrand Co. Ltd., 1958.) Pp. xi-+ 600. Price 109s. 


This American book is one of a series on principles of guided 
missile design. The volume on ‘“‘Guidance”’ was reviewed in 
this Journal in May, 1956, and was considered a worthwhile 
addition to the literature generally available in this field. 
The present volume is not likely to prove so useful, at least 
to readers in this country. In judging it, one has to remember 
that it is primarily a handbook intended for American 
designers, but even so one is left with an impression of lack 
of selectivity. 

The book is intended to be a compendium of design data 
appearing in the series and other unclassified literature, 
together with a glossary of terms for those needing a working | 
vocabulary in this field. The glossary occupies about one 
third of the book and covers terms in fields from nuclear 
physics to contract documents, production and service use. 
The author says in his foreword that he hopes to contribute 
to standardization of terminology and to understanding } 
between different technical disciplines. No authorities are 
given for the terms and definitions, jargon is admitted, and | 
some of the information is of a transient nature. 

The first section of the book, ‘‘General data,” opens with a | 
table of U.S. guided missiles, which must quickly be out of } 
date, and continues with data and conversion tables of the 
type generally available. A 24-page section on properties of 
the atmosphere follows. The third section, of about 50 pages, 
covers environmental data and reliability. About one half / 
is general information and the rest covers requirements of | 
American military specifications. The largest section, after | 
the Glossary, deals with “Properties of materials structures” | 
and, not unnaturally, is largely concerned with properties of | 
materials available to American designers. There are short | 
sections on aerodynamics, propulsion and ‘‘avionics” and a 
section on space flight is included. The ‘‘avionics”’ section | 
is similar to a fairly simple radio engineer’s handbook, with 
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more emphasis than usual on radar. Even so, the radar 
range equation gets only elementary treatment. The elec- 
tronics of control, and control as a subject, receive only 
about three pages outside the glossary. 

The design of guided weapons embraces so many techniques 
that it is doubtful if one handbook can usefully cover the 
whole field. If it contains information on military speci- 
fications and proprietary materials it will quickly be out of 
date. The present book will be of most use to anyone who 
has to deal with American equipment or information. Even 
so, it may have to be treated as a year-book rather than a 
handbook. R. J. CLAYTON 


The exterior ballistics of rockets. By L. Davis, Jr., J. W. 

Foun, Jr., and L. Buirzer. (New York: D. Van 
Nostrand Co. Inc.; London: D. Van Nostrand Co. Ltd., 
1958.) Pp. v-+ 457. Price 64s. 


Those who expect to find an up-to-date account of modern 
‘rockets in this book will be disappointed. This is no fault of 
the authors but is an inevitable consequence of the fact that 
modern rockets are weapons of war and published accounts of 
them are subject to security regulations. In fact, the book 
deals with the basic theory of the exterior ballistics of simple 
rockets which have no moving control surfaces, operated by 
human or automatic pilots, and is based on a number of 
originally confidential reports about developments during 
World War II. Since that time, significant advances have 
been made but it is the authors’ contention that the basic 
concepts and treatments of solid-fuel rockets which they 
‘present remain still, and indeed permanently, useful as a 
foundation for more advanced treatments. Whether this is 
adequate justification for a book of this magnitude, detail 
and price, is for the reader to judge. 

The trajectory of a rocket depends very much on its motion 
during the burning of the propellant, and so the study of this 
motion, and of that after the jet force ceases, constitutes the 
principal problem of exterior ballistics. The study of the 
burning process, of the flow of gas through the nozzle, and 
the production of the force that accelerates the rocket is the 
concern of internal ballistics and so is outside the scope of 
the book. : orate, 

The treatment is mathematical throughout but necessarily 
incorporates a good deal of experimental data, particularly 
about the aerodynamical forces opposing the rocket’s motion. 
After a general introduction the account is grouped under 
the two main self-explanatory headings of fin-stabilized 
rockets and spin-stabilized rockets. The forces on each type 
of rocket are considered and general equations are set up 
describing the rocket’s motion during burning and launching 
and also after burning has ceased. Considerable attention 
is devoted to an examination of sundry approximations 
which render the differential equations solvable by formal 
methods. Comparatively little use appears to have been 
made at this stage of numerical methods though doubtless 
subsequent technical developments have been greatly 
influenced by the advent of high-speed computers. Numerous 
graphs are presented to help with the evaluation of the 
functions describing the behaviour of the rockets. In 
addition, tables of some of the more important functions are 
given to five decimal places. Fresenel integrals and associated 
functions feature largely in the theory and tabulations. 

Parts of the book, such as the treatment of the dynamics of 
axially symmetric rigid bodies, are of interest in themselves 
apart from their application to rockets. The book is lucidly 
written and excellently produced. The reviewer looks 
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forward to the publication of a further edition which will 
contain much information at present classified as “top secret”’ 
or even higher. J. CRANK 


Numerical analysis. 2nd ed. By D. R. Hartree. (London: 
Oxford University Press, 1958.) Pp. xvi + 302. Price 
42s. 


It is fitting that this second edition should appear so soon 
after the author’s untimely death since it reflects so much 
of his interests and personality. The book is essentially a 
record of the late Professor Hartree’s teaching of numerical 
analysis in Cambridge. There are many books on this subject 
in these days, but this one is outstanding for its severely 
practical approach so typical of the author. This is the book 
for those who wish to practise numerical methods rather 
than to read about the formal theory of them. 

There are a number of additions to the first edition. 
Gaussian quadrature formulae, using values of the integrand 
at unequal intervals in the independent variable, are treated 
more fully, as also are differential equations with two-point 
boundary conditions. The chapter on partial differential 
equations has been enlarged. An introduction to Whittaker’s 
cardinal function has been included. The final chapter on 
automatic digital computers has been considerably shortened 
in view of other publications on the subject. 

This is likely to remain a standard textbook on numerical 
J. CRANK 


Digital computer components and circuits. By R. K. 
Ricnarps. (London: D. Van Nostrand Co. Ltd., 1957.) 
Pp. vii+ S11. Price 64s. 


This is essentially a textbook on the engineering side of 
computer design, and is intended as a sequel to the author’s 
earlier book, Arithmetic operation in digital computers, which 
dealt with the overall organization of a computer. It is 
clearly and carefully written, the bibliography is compre- 
hensive and the author gives a well-balanced account of 
design problems over which some controversy still exists, 
such as the merits and demerits of synchronous and asyn- 
chronous circuitry. From the point of view of the physicist 
interest will mainly centre on the accounts of transistor and 
magnetic core circuits given in Chapters 4 and 5, since these 
elements are still to some extent under development in the 
laboratory. However, increasing numbers of applications of 
computers to physical problems demand efficient methods of 
recording data in a form that can be assimilated directly into 
a digital machine. There is, therefore, much of importance 
in the last three chapters, and particularly in the discussion 
of analogue-to-digital conversion in Chapter 11.’ In view of 
the general excellence of the book it may appear carping in 
me to criticize Chapter 1. However, having now read at 
least five conflicting accounts of the history of computer 
development, I must protest at yet another incomplete version 
of the story being given. The author attempts to evade 
responsibility by phrases like “it is reported that,” ‘“‘so far 
as is known,” and ‘“‘are generally credited with.’’ If he is so 
uncertain of who did what, would it not be better to omit 
names altogether and merely state results? It is only fair 
to say that he is better informed than most American authors 
on developments on this side of the water, but I think there 
is a good case, on the grounds of scholarship as much as 
those of national prestige, for the preparation of a version 
acceptable on both sides of the Atlantic—Scientific Historians 
please note! A. S$. DouGLas 
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Theory of dielectrics: dielectric constant and dielectric loss. 
2nd ed. By H. Frouticn. (London: Oxford University 
Press, 1958.) Pp. vii-+ 192. Price 30s. 


In its original edition this book gave a lucid account of 
dielectric polarization and energy loss, with emphasis on 
modern mathematical methods of handling these pheno- 
mena—a subject to which the author has made many 
contributions. 

The value of the work is attested by the issue, after no 
long interval, of this second edition. The main text remains 
unchanged, but is supplemented by new appendices which 
extend the author’s derivation of some very general expres- 
sions for dielectric constant in terms of dipolar moment. 
They also elucidate a crucial point in the theory on which 
there has been recent controversy. The additions, though 
described as ‘‘paragraphs,” in fact run to a dozen pages with 
some 70 equations. 

The only significant error noticed is an obvious inversion 
of one side of the last equation in the book. 

The work can be warmly recommended, especially for its 
clarity, to all interested in the dielectric properties of matter. 

C. G. GARTON 


The rheology of elastomers. By P. MASON and N. WOOKEY. 
(London: Pergamon Press Ltd., 1958.) Pp. viii + 202. 
Price 50s. 


This book contains the papers, and discussions on them, 
read at a conference organized by the British Society of 
Rheology. It is not a treatise on a particular aspect of the 
subject since the subject-matter was selected by the individual 
authors. Apart from three theoretical papers which are of 
wide application, the contributions are reports of experi- 
mental work on a specific property of one material. The 
substances studied included rubber, gelatine, polythene, 
Terylene and irradiated polymers. In addition to elasticity 
measurements there is a paper on each of photo-elasticity 
and oscillatory testing, mechanical and electrical. 

This collection of papers provides a summary of experi- 
mental techniques and data which could be useful to other 
workers with this class of material. The book is well 
presented and free from typographical errors except for a few 
divergences between the text and legends of the tables and 


figures. CAGAINMILE 
Rheology. Theory and applications. Vol. Hl. By F. R. 
ErricH. (New York: Academic Press Inc.; London: 


Academic Books Ltd., 1958.) 
128s. 6d. 


In this short review it is hardly possible to do more than 
indicate the contents of Vol. II in this series of three volumes 
on rheology. The volume opens with a chapter by H. 
Leaderman on the general phenomena of viscoelasticity, with 
particular reference to high polymers. This is followed by 
a closely-related treatment of stress-relaxation phenomena by 
A. V. Tobolsky. Various aspects of transport phenomena, 
including non-Newtonian flow and diffusion, are then dis- 
cussed by Taikyue Rhee and H. Eyring in terms of the latter’s 
well-known molecular theory. Later chapters are concerned 
more specifically with the rheology of particular materials. 
Thus, organic glasses are dealt with by R. Buchdahl, raw 
elastomers (mainly rubbers) by M. Mooney, cellulose 
derivatives by E. B. Atkinson, fibres by R. Meredith, gelatin 
by A. G. Ward and P. R. Saunders, and asphalts by R. N. J. 
Saal and J. W. A. Labout. There follows an unusual chapter 
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on rheological problems of the earth’s interior by B. 
Gutenberg, after which it reverts to fundamental methods 
and techniques for the study of viscoelastic phenomena by 
J. D. Ferry and by B. A. Toms. The final chapter, entitled 
“Goniometry of flow and rupture,’ by A. Jobling and 
J. E. Roberts, is concerned with effects associated with the | 
normal stress components in viscoelastic liquids. 

The Editor, Dr. F. R. Eirich, has performed a valuable 
service in bringing together so. many well-known exponents | 
of the various branches of the subject in this international 
compilation. He disarms criticism by the admission that a | 
certain amount of overlap or repetition is inevitable in a 
work of this kind, claiming that the presentation of varying 
viewpoints on the same subjects may be an advantage. Not | 
all the contributions are equally good, and there is a tendency | 
in certain sections to adopt a somewhat narrow theoretical 
outlook. Taken as a whole, however, this work provides a 
balanced view of the rapidly expanding science of rheology, | 
and will be an important source of information for the more 
mature research worker who is able to bring a critical | 
judgment to bear upon its contents. L. R. G. TRELOAR 


Flame photometry. A manual of methods and applications. 
By F. Burriei-Marti and J. RAmirez-MUNOZ. | 
(Amsterdam: Elsevier Publishing Co.; London: Cleaver- | 
Hume Press Ltd., 1958.) Pp. xii + 531. Price 65s. 


The original method of qualitative spectroscopic analysis 
depending on flame excitation was due to Bunsen and 
Kirchoff in 1859. Such flame tests were first used for 
spectrography by Gouy in 1879, who atomized solutions of 
samples by compressed air and introduced them into a coal 
gas flame and photographed the spectrum. The earliest direct 
measurements by visual matching using a spectrograph and 
a flame were made by Klemperer in 1910 and the first flame 
photometer constructed on the basis of what is to-day 
considered characteristic of this apparatus for quantitative 
determinations, was due to W. Schuknecht about 1937. 

In the past twenty years or so there have been notable 
advances in flame photometry and it has come into use 
extensively in a number of different fields, especially in the 
analysis of biological and agricultural materials. The 
importance of this technique depends on it providing a 
method of analysis for specific substances, rather than a 
measurement of some property that is a compounded result — 
of many substances. Further, the equipment required is less _ 
expensive than for spectrography and simpler to use. About | 
fifty elements can be detected on excitation to relatively low | 
levels attainable by different types of flames. In quantitative | 
determinations it is possible to obtain results, in general, 
with an accuracy of about 2°, which can be regarded as | 
satisfactory when it is realized that the concentrations being | 
dealt with are of the order of parts per million. The amount | 
of sample required for many determinations need not be 
more than 10 mg, and 0-01 mg may serve for some. 

The present book on this subject, written by the Professor | 
and the Senior Lecturer in Analytical Chemistry in the 
University of Madrid, is a comprehensive manual, the first 
of its kind to be published in English. It will remain, almost 
certainly, the authoritative work for some time to come. It 
gives information on the principles and applications of flame 
photometry, together with accounts of instrumental systems | 
and experimental methods. There is a bibliography of over 
nine hundred items and, worthy of special commendation, 
a subject index of fifty-two pages. The book is admirably 
produced. W. A. Kirksy 
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Surface chemistry. Theory and applications. 2nd ed. By 
J. J. BIKERMANN. (New York: Academic Press Inc.; 
London: Academic Books Ltd., 1958.) Pp. x + 501. 
Price $15. 


This is the second edition of Bikermann’s Surface chemistry 
for industrial research, and represents a considerable improve- 
ment on its forerunner. Theory and applications have been 
brought up to date, and “‘chaff” has been deleted. 

The book is divided into five chapters on liquid-gas, 
iquid-liquid, solid-gas, solid-liquid, and_ solid-liquid-gas, 
solid-liquid-liquid interfaces, and a final chapter on electric 
surface phenomena. The subject-matter is independently 
divided into 340 sections which are articles in themselves. 
There are ample cross-references, and the author and subject 
indices are good. 

In his treatment of each topic, Dr. Bikermann gives the 
general theory without rigorous proof and then gives some 
recent numerical results. After commenting on these he 
gives some examples from everyday life, and presents the 
uses to which they have been or could be put. One of the 
author’s aims was to treat his subject as an integral part of 
physical chemistry, and the reviewer reached the end of the 
book with the impression that it was as essential a component 
as, Say, the kinetic theory of gases. 

The importance of the inhomogeneity of surfaces is 
emphasized throughout the book, and the author’s criticism 
of surface tension measurements on mercury and industrial 
mixtures deserves wider dissemination. On pp. 249 ff. 
elutriation might have. been included as a method of particle 
size determination, and work has been done by the Joint 
Fire Research Association on the correlation between fire- 
fighting foam efficiencies and the physico-chemical features 
of the bubbles (p. 108). 

In general the book is well written by one who is not 
afraid of exhibiting a sense of humour. The printing is good 
and the text is amply illustrated by line drawings and tables. 

J. S. TAYLOR 


Chemical engineering practice. Vol. 4. Fluid state. Edited 
by H. W. Cremer and T. Davies. (London: Butter- 
worths Scientific Publications, 1957.) Pp. 623 + xix. 
Price 95s. 


This book, the fourth of twelve volumes on chemical engin- 
eering practice deals with the fluid state. The detailed 
treatment is subdivided into three sections. 

The first section on the thermodynamic properties of 
physical systems is concerned with the theoretical background 
of the subject. An elementary knowledge of thermodynamics 
is assumed, and the work is admirably suited for the trained 
chemical engineer. The subject-matter covers the wide field 
of physical thermodynamics as required by the chemical 
engineer including the definition of the thermodynamic 
functions and the development of their more important 
relations, the properties of perfect and imperfect gases 
together with a consideration of the high pressure régime, 
the liquid phase, the properties of mixtures, and the develop- 
ment of the fundamental equations of fluid flow. 

The second section likewise presents a review of the 
theoretical background of the transport properties of fluids 
and covers a wide field including fluid statics, the flow of 
viscous fluids, turbulence, flow within tubes and ducts, flow 
around objects, and compressible fluids. Many of the 
formulae of practical interest are derived from basic prin- 
ciples, while the text properly introduces such aspects as 
relaxation methods, dimensional analysis and modelling. 
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The chapter on turbulence deals extensively with the concept 
of the boundary layer and is a most useful contribution to the 
work. 

This volume concludes with a section on the measurement 
of process variables. The chemical engineer should be 
familiar with the basic principles underlying the design and 
construction of many instruments now used on chemical 
plant, and this section thus fulfils an instructive purpose in 
presenting the principles involved in the measurement of 
pressure, fluid flow, both in closed and open conduits, liquid 
level and temperature. 

The editors and contributors are to be congratulated on 
producing a volume which will be an invaluable work for 
reference to the practising chemical engineer. H. THOMAS 


Free radicals in solution. By C. WALLING. (New York: 
John Wiley and Sons Inc.; London: Chapman and Hall 
Ltd., 1957.) Pp. xii + 631. Price 116s. 


Free radicals may be defined as monatomic or polyatomic 
species having at least one unpaired electron. Since the 
discovery in 1900 of the triphenyl methyl radical an immense, 
coherent, body of knowledge concerning them has developed. 
Their stabilities, defined as the average lifetimes between 
creation and destruction, are determined on the one hand 
by the mode and rate of their formation, and on the other 
by their reactivity with themselves and their environment, 
and range from microseconds to years. The reactivity 
depends upon such intrinsic properties of the radical as the 
ionization potential, electron affinity, degree of delocalization 
of the unpaired electron and on the nature of the medium 
which may solvate the radical and control its mobility, and 
on the concentration and nature of potentially reactive 
solutes. Their main importance is the role which they occupy 
as the intermediates in a very large number of chemical 
reactions—especially chain reactions. 

Dr. Walling has made his own considerable and distinctive 
contribution to knowledge of this field and his book is an 
admirably balanced and lucid account of free radicals in 
liquid solutions. After describing the structure and physical 
properties, with justifiable emphasis on the magnetic pro- 
perties, the author devotes about 200 pages to free radicals 
in reactions which result in the formation of macromolecules. 
This is followed by approximately another 200 pages dealing 
with non-polymeric systems such as oxidation, halogenation 
and related reactions. The book concludes rather curiously 
with two chapters on radical formation which might more 
logically have appeared at the beginning. Throughout, the 
author’s attitude is a splendid blend of the imaginative and 
realistic, nowhere better expressed than in footnote 23 on 
page 38, and Dr. Walling combines the disciplines of physics, 
reaction kinetics and organic chemistry in a most illuminating 
fashion. There is no doubt that it will achieve the author’s 
object of clarifying existing knowledge and _ stimulating 
further research. Its weaknesses lie, as they inevitably must, 
in those fields with which the author has least direct 
acquaintance, e.g. radiation chemistry and free radicals in 
aqueous solution where the virtual omission of reference to 
the reactions between metal ions and organic free radicals 
has made the discussion unnecessarily obscure. However, 
such criticisms of emphasis are somewhat subjective and will 
inevitably arise if a book on this vast subject is to be a single 
volume of manageable dimensions. The book is remarkably 
free from typographical errors—misspellings were detected 
only on page 191 line 8, pages 354 and 600 (Chanmugam) 
and reference 57 page 555. F. S$. DAINTON 
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The powder method in X-ray crystallography. By L. V. 
AzArorr and M. J. BuerGerR. (New York: McGraw- 
Hill Book Co. Inc.; London: McGraw-Hill Publishing 
Co. Ltd., 1958.) Pp. xv + 342. Price 68s. 


The introduction states that the purpose of this book is to 
guide the physicist, chemist, metallurgist, or even someone 
without much scientific background, in the taking of powder 
photographs and the interpretation of them. Its 16 chapters 
cover a wide field, and are of very uneven merit. The best 
sections are those devoted to the indexing of powder photo- 
graphs and the deduction of the unit cell. There is a very 
full treatment of Ito’s method, and of the Delaunay reduction. 
The beginners postulated by the authors in their introduction, 
however, will find these sections very tough going. Although 
the book is called ‘‘the powder method” the discussion is 
confined entirely to powder photography. Diffractometers 
get 12 lines on p. 3. 

There are a number of ambiguities likely to confuse the 
beginner. For example, on p. 217 and again on p. 236 it 
is stated that the error due to vertical divergence is propor- 
tional to cot? 6 — 1. On the first of these pages there is a 
footnote pointing out that this expression is incorrect, but 
your reviewer was unable to find the correct expression any- 
where in the book. Again, on p. 262, in describing the 
appearance of powder photographs, it is stated that stacking 
faults leave the small-angle side of a line sharp, whereas on 
the high-angle side the intensity of the line declines very 
gradually. This description is correct for photographs of 
random layer structures, discussed on p. 263. 

The reviewer’s conclusion is that the beginner would be 
well advised to avoid this book, but the worker with enough 
experience to sort out pitfalls of the kind just mentioned will 
find much to interest him. 

The book ends with a number of tables, including an 
extensive one (45 pages) of the relation between d and 1/d?. 
There is a good index. A. J. C. WILSON 


Spectrochemical abstracts. Vol. 5. 1952-1953. By E.H.S. 
VAN SOMEREN and F. LACHMAN. (London: Hilger and 
Watts Ltd., 1958.) Pp. 66. Price 20s. 


The abstracts contained in this volume cover papers for the 
years 1952-1953 and relate to emission spectroscopy in its 
analytical applications. Flame spectroscopy is included, but 
not X-ray emission spectroscopy. The publishers hope that 
a further volume covering the years 1954-1955 will appear 
shortly. 


Magnetohydrodynamics. By T. G. CowLinc. (New York: 
Interscience Publishers Inc.; London: Interscience 
Publishers Ltd., 1958.) Pp. viiit+ 115. Price 25s. 


(paper bound 14s.). 


The author mentions in his preface that when work on this 
book began its main applications were to geophysical and 
astronomical problems, but that now engineering applications 
are evident. The master work by Chapman and Cowling 
has long been a classical study in the physics of gases and the 
present, much shorter, work is of the same high scholarly 
standard. It forms a companion volume to that of Spitzer 
in the same series (Interscience tracts on physics and 
astronomy). It will be quite invaluable for those working 
on gaseous discharges, particularly those on high temperatures. 

Astrophysics still claims a large share of the work, including 
chapters 2, 3 and 4, which are respectively on magneto- 
hydrostatics, wave motion (as applied to sun spots, etc.), 


BRITISH JOURNAL OF APPLIED PHYSICS 


402 


and magnetic fields. Chapter | is a general introduction and | 
chapter 5 is on dynamo theories (magnetic field of the earth, 
etc.). Chapter 6 is on ionized gases and is of very great f 
topical interest and many will hope that it may be expanded | 
by the same author, in the near future, to a full book. 

J. D. CRAGGS 


The measurement of colour. 2nd ed. By W. D. WRIGHT. 
(Hilger and Watts Ltd., 1958.) Pp. ix + 263. Price 52s. | 


The new edition of this excellent book has been largely 
re-written and brought up to date, and is attractively pro- 
duced. Many of the less important sections have been 
omitted or condensed and the opportunity taken to expand 
the treatment of the principles of photometry and colori- 
metry, and to explain more fully the origins of the CIE | 
system in which the author took so much part. Particular 
pains are taken to explain, by simple analogy, the meaning { 
and use of that confusing (and by many thought to be F ft 
unnecessary) concept—the trichromatic unit. The chapter } i 
on colour atlases is much enlarged and skilfully developed 
from the general standpoint of the problem of colour spacing } 
by subjective judgments. There is a new chapter on colour | 
reproduction processes including colour television which } 
includes an interesting discussion on the assessment of | 
picture quality. R. G. HORNER 


l 


Modern electroanalytical methods. Edited by G. CHARLOT. | 
(Amsterdam: Elsevier Publishing Company; London: 
Cleaver-Hume Press Ltd., 1958.) Pp. ix + 186. Price 
24s. 


In 1957, a symposium on modern electrochemical methods 
of analysis was held in Paris under the auspices of the 
International Committee for Electrochemical Thermo- 
dynamics and Kinetics (C.I.T.C.E.); twenty-two papers were 
presented and these papers, in different languages, were sub- 
sequently published in Analytica Chimica Acta, Nos, 1 and 2, 
1958. The opportunity has now been taken to bring the }) 
papers together under one cover. Many of the authors of || 
the papers are of international repute, e.g. Kolthoff, Laitinen, |) 
Barker and Delahay, and the emphasis throughout is on | 
modern methods. The field covered is very wide indeed. 

The subjects discussed include the reduction of fused || 
chlorides such as cobalt chloride in eutectic mixtures of |} 
alkali chlorides, new developments in ‘‘dead stop” end point — 
titrations, potentiometry at constant intensity and_ the || 
plotting of intensity potential curves in ion exchange resins. | 
Coulometry, millicoulometry and the coulomb as a universal |} 
standard in analytical work, adsorption kinetics and electrode | 
process are all dealt with. New developments in radio- 
chemical procedures and in the use of the rotated dropping | 
mercury electrode are described and attention is drawn to | 
the application of the hanging mercury drop electrode in 
analysis. Current scanning polarography, square wave || 
polarography and oscillopolarographic micro-analysis all 
find a place, whilst there are papers which deal with high | 
frequency titrimetry in analysis and a final paper on new 
methods of determination of electrical conductivity. Most | 
of the papers conclude with a useful bibliography and a | 
valuable feature is the inclusion of the discussion on the | 
individual papers. 

This is definitely not a book for the casual reader, It will 
be useful to those analytical chemists interested in electro- 
chemical procedures who wish to obtain new ideas by the 
intensive study of original papers; though not always the 
most popular, this method is usually the most rewarding. 
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Moreover, instrument manufacturers seeking to get the right 

ideas about the best instruments to develop in this particular 

field will do well to bear this collection of papers in mind. 
J. HASLAM 


Dictionary of physics. By H. J. Gray. (London: Longmans, 
Green & Co., Ltd. 1958.) Pp. x + 544. Price 84s. 


Aldous Huxley once said that the best reading on holiday 
was to be found in a volume of the Encyclopaedia Brittanica 
chosen at random; a dictionary provides something of the 
Same inconsequent fascination, but unless it is of monu- 
mental size suffers from the defect that it dispenses its infor- 
-mation in exasperatingly small doses. The Dictionary of 
Physics succeeds in satisfying the enquirer because many 
articles are long enough to give a bird’s-eye view of the 
subject, and, references to other authorities are frequent and 
to the point. Browsing within its covers is insidiously easy, 
cross references leading one from entry to entry. 

Generally speaking it is true to say that modern develop- 
»ments and discoveries are well represented, especially in the 
| field of nuclear physics. There are however gaps, some of 
them surprising. For instance, on looking up “Coriolis,” 
; one is directed to an entry under “Force,” where Coriolis 
forces are mentioned as being involved in problems of pro- 
jectiles shot from the surface of the rotating earth; artificial 
satellites are not listed, so naturally “‘sputniks” are not to be 
found, but under “‘rockets”’ there is no entry save a reference 
to ‘‘astronautics” where, at last, the reader may learn that 
the Russians launched earth satellites in 1957. 

An even more surprising example is the lack of all reference 
to radio-telescopes, steerable or fixed, and though four lines 
are devoted to “radio-astronomy” the only reference is to 
an article in Nature six years old. The editor asks for sug- 
gestions for future editions and will doubtless have a ready 
response. His task is unenviable but he has achieved much 
and many readers will be grateful to him and his contributors. 
The inclusion of numerous biographical notes will gladden 
‘the hearts of those older physicists to whom ignorance of the 
great names of science is a distressing characteristic of the 
-younger generation in whose eyes history is often of little 
consequence. A. M. TAYLOR 


, Television in science and industry. By V. K. ZworyKIN, 
E. G. RAmMBERG and L. E. Frory. (New York: John 
Wiley and Sons Inc.; London: Chapman and Hall Ltd., 
1958.) Pp. xii + 300. Price 80s. 


/ This book is written by three well-known specialists of the 
/R.C.A. Laboratories and headed by that remarkably active 
‘pioneer of television, Dr. Zworykin. It may be regarded as 
) the industrial user’s guide to television. 

The first chapter gives an historical outline of the technical 
' development of television from early myth to the modern 
electronic systems. This is well done, except for the selective 
reporting which ignores the fact that the regular electronic 
| television service, substantially as it is to-day, was begun in 

London in 1936—some nine years before it began in the 
rU.S.A: 
. Then follows a chapter devoted to outlining ways in which 
closed circuit television might be used to advantage. This 
| seems slightly redundant as it could have been covered in the 
\ later chapter dealing with actual applications. 

The third chapter is devoted to a technical outline of 
i closed circuit television channels. The authors describe the 
principal pick-up tubes, the camera optical systems, the basic 
operating circuitry and picture display apparatus. This is 
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done for single- and multi-channel monochrome, for field- 
sequential and simultaneous (N.T.S.C.) colour television, and 
stereoscopic systems. In addition, the two types of television 
microscope and the colour translating television microscope 
are described. 

Having laid down the essential technical basis a long list 
of possible and actual applications are described in Chapter 4. 
These cover a wide field of physical, engineering and biolo- 
gical research and practical applications in medical, engineer- 
ing, business, educational, and military fields. 

The book will be very useful to those who wish to find out 
if television can help them solve their problems which may 
range from baby-supervision to space-vehicle instrumentation. 

J. D. MCGEE 


Transistor technology. Vol. 1. By the members of the 
technical staff of Bell Telephone Laboratories. Edited 
by H. E. Bripcers, J. H. Scarr and J. N. SuHiIve. 
(London: D. Van Nostrand Co. Ltd., 1958.) Pp. 
Xxxvli + 661. Price 131s. 6d. 


This book is based on the texts presented at a symposium 
on transistors in 1952. It presents the fundamental principles 
of the subject, and is intended to provide a basis for two 
further volumes, dealing with modern developments in 
transistor materials, and in the design of devices and the 
techniques for producing them. 

Volume 1 deals exclusively with germanium and devices 
made from this material. The first section, of 60 pages, 
covers the preparation of the semiconductor and includes a 
detailed account of zone-melting. The second section 
(100 pages) deals with the growing of high quality single 
crystals by the pulling process. 

The third section, of 280 pages, discusses the principles of 
device fabrication. There is a short treatment of the basic 
theory of p-n junction diodes and triodes, followed by an 
account of the physical properties of the germanium appro- 
priate for different types of device. This leads to a description 
of methods of evaluating the material, especially by measure- 
ment of resistivity and lifetime. Methods for locating 
junctions in grown crystals are then discussed. The pre- 
paration of the germanium by cutting, lapping, surface 
treatment, etching and plating is dealt with in detail, followed 
by the provision of contacts of various types, the problems 
of hermetic sealing and capsulation, and the final electrical 
processes for forming and pre-aging of devices. 

Section 4 (150 pages) deals with transistors as circuit 
elements, and the different means of characterizing their 
performance. Various types of characterization parameter 
can be defined, and the measurement of these is described in 
detail for both the small- and large-signal cases. 

The final section, of 20 pages, deals with the reliability of 
transistors and their specification and evaluation. 

The book is well produced and will be regarded as a 
standard text on the subject. D. A. WRIGHT 


Advances in electronics and electron physics. Vol. IX. By 
L. MarTon. (New York: Academic Press Inc.; London: 
Academic Books Ltd., 1957.) Pp. x + 347. Price $9.00. 


The present volume in this series represents a departure 
from previous practice in that it is devoted to topics which 
may be broadly described as geophysical. Electronics and 
electron physics are featured only in so far as they are reievant 
to these topics. There are seven separate articles covering 
the Aurora Borealis, negative ions, radio observation of 
meteors, intensity variations in cosmic rays, radio-wave 
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propagation, oceanography and finally seismology and 
geomagnetism. Each article is authoritatively written and 
the whole will make valuable and informative reading for 
anyone generally interested in geophysics. To the expert in 
electronics, however, it must represent a rather heterogeneous 
collection of articles for general reading, even during the 
International Geophysical Year. H. ELior 


Electronic semiconductors. By E. SpENKE. (New York: 
McGraw-Hill Book Co. Inc.; London: McGraw-Hill 
Publishing Co. Ltd., 1958.) Pp. xxvi+ 402. Price 
85s. 6d. 


This book is a translation of the 2nd edition of Elektronische 
Halbleiter, by Dr. Spenke. The original German text was 
reviewed by Dr. Jonscher in 1955.* A full account was 
given there of the contents of the book, and it is only 
necessary for the present reviewer to point out significant 
changes. 

The translators (Drs. D. A. Jenny, H. Kroemer, E. G. 
Ramberg and A. H. Sommer of the R.C.A. Laboratories) 
have presented us with an excellent translation of this most 
useful book. In accordance with American practice they 
have added a series of problems at the end of every chapter. 
They have also augmented Chapter IV with a section on 
junction capacitance, which is omitted from the German text. 

A novel feature of the original text has been lost in this 
edition of the translation. The coloured diagrams of the 
various band models now appear in black and white and the 
clarity of these diagrams has been lost. No doubt the 
publishers had considered that this would have added to the 
already very high cost. 

This book is to be commended to both the student and the 
expert for a fully authoritative account of the fundamental 
physics of semiconductors. P. A. LEE 


* British J. Appl. Phys. 6, p. 341 (1955). 


The kinetics of vinyl polymerization by radical mechanisms. 
By C. H. BAmrorp, W. G. BARB, A. D. JENKINS and 
P. F. Onyon. (New York: Academic Press Inc.; 
London: Butterworths Scientific Publications, 1958.) 
Pp. xii + 318. Price 50s. 


The scientific interest and industrial importance of poly- 
merization reactions with free-radical mechanisms have led 
to the publication of a vast bulk of work in the last ten to 
fifteen years. The chemistry of these reactions is complex, 
and it is only during this period that their mechanisms have 
been understood in any detail; many obscurities still remain. 

This book is an able and critical survey of the field. Its 
main emphasis is on the principles that are applied to the 
analysis of the kinetics of free-radical polymerizations, and 
on the results that have been obtained, rather than on detailed 
experimental techniques. The last chapter is mainly mathe- 
matical and discusses the distributions of such properties as 
molecular weight, and composition in copolymers. References 
are plentiful. 

Most polymer chemists will find something of interest in 
this book, and to some it will be a valuable work of reference. 
An author index, however, would have enhanced its value. 


P. A. SMALL 
Les ondes centimétriques. By G. Raoult. (Paris: Masson 
et Cie., 1958.) Pp. vii+ 401. Price 6 500 fr. (paper 


bound), 7 300 fr. (linen bound). 


The author acknowledges in his introduction that much of 
the original work in this field was carried out ‘“‘in the Anglo- 
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Saxon countries” and, was consequently described in English. 
The compliment may be returned for it is unfortunate that 
the present work is not in English and so tends to be rather 
beyond the reach of those who have not even troubled to 
keep up to date their schoolboy French. Fortunately, how- 
ever, the literary style is simple and thus can be easily followed 
by the most casual linguist. 

The work is more comprehensive than most of its kind. It 
covers all the usual introductory theoretical matters (pro- 
pagation in unbounded and bounded media, etc.), technical 
subjects (oscillators, amplifiers, wave-guide techniques, | 
antennae, etc.), and techniques of measurements, etc. There 
are interesting chapters on optical analogues, radio astronomy 
and paramagnetic resonance, and, even in the chapter on | 

detectors, an excursion into elementary solid state theory. 
J. D. CRAGGS 


Mesure et détection des rayonnements nucléaires. By J. 
SHARPE and D. TayLor. Translated by J..CHATELET. 
(Paris: Dunod, 1958.) Pp. xi+ 319. Price 3400 fr. 


This book is a French translation from the second editions 
of two well-known Methuen Monographs, namely Nuclear 
radiation detectors by J. Sharpe and The measurement of - 
radioisotopes by Dennis Taylor. The translator has combined 
these two monographs into a single volume, dividing the 
subject-matter into three parts with a short introduction. 
In the introduction the translator has used sections from the 
introduction of both the original works which fit together 
extraordinarily well. The first part of the book deals with © 
measurements of radioactivity, and is taken entirely from 
Taylor and the second part about the physical phenomena of 
detection is taken from Sharpe. The third part concerning 
apparatus is taken from the relevant sections of both the 
original works. 
The translator has not altered the text more than is 
necessary for the purposes of the translation and has added — 
brief footnotes where he considers some small point requires 
clarification for French readers. The presentation of the 
book on larger sized paper and in larger print makes it easier 
to use than the English originals, but the French reader 
certainly has to pay for this privilege. G. W. DOLPHIN 


Les piles atomiques a neutrons lents. By J. MAURIN. (Paris: | 
Dunod, 1958.) Pp. xii + 197. Price 980 fr. 


This book is an introduction to the physics of thermal neutron 
reactors for French readers. After a short qualitative — 
account of the subject, a description is given of the calculation | 
of neutron behaviour in thermal reactors, including a detailed | 
account of the calculation of the critical size of a hetero- | 
geneous thermal reactor by diffusion theory. The book | 
consists of more detailed mathematical analysis than is | 
necessary for the beginner in the field though the practising | 
reactor engineer or physicist may find a need to refer to the 
standard works on the subject. The book does not discuss _ 
in detail the implications of the results derived, the limitations 
of the methods used, and the important experimental aspects. 
of the subject. : J. J. SYRETT 


Elektronik freier Raumladungen. By F. OLLENDORFF. 
(Wien: Springer-Verlag, 1957.) Pp. xii + 620. Price | 
LS Tis: 
This book is the result of a sustained effort in applied 
mathematics of which only its author is capable. For more | 
than 30 years Professor Franz Ollendorff of the Technion, 
Haifa, has produced well-known textbooks on potential 
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heory, earth currents, high frequency theory and electronics. 
This volume is the third of his monumental Technical 
tlectrodynamics. The first was on the “Calculation of 
nagnetic fields,’ the second on “Electronics of single 
lectrons”’ (electron optics), and the present volume will be 
ollowed by three others on “‘Kinetic theory of electrons” 
noise and quantum mechanics), ‘‘Crystal electronics” and 
‘Tonics.”’ 

The present volume displays on every page the individual 
haracteristics of its author. It covers the vast field of 
pace charge phenomena more thoroughly than any other 
cnown to the reviewer, and it covers it in a very systematic 
vay. Yet the result is not a textbook but a reference book. 
The treatment is “atomistic”—that is to say each problem is 
considered by itself. A few assumptions are made, the 
quations are quickly set up, and the mathematical machine 
S set into operation until it has ground out the result in the 
orm of long formulae, displayed in great detail and at full 
ength, made even longer by the German standards of 
nathematical printing. Though the formulae are often 
llustrated by painstakingly computed curves there is hardly 
ver an illuminating remark throwing light on their physical 
ontent. General principles, if they appear for a moment in 
he introduction of the problem, are soon hidden from sight. 
No intuitive insight is granted to the reader, nor is he given 
iny hint of the historical origin of the problem, and (with 
are exceptions) of the author who first solved it. 

Though an enormous bibliography is attached to the book, 
his is subdivided by chapters only, and there are no detailed 
eferences to it in the text, hence the reader will have great 
lifficulty in locating the relevant papers. This ““anonymous”’ 
nethod is hardly fair in a field which owes so much to 
rilliant individuals such as Langmuir, Schottky, Brillouin 
ind Pierce. Besides, the field is not as closed and dead as 
he author seems to believe, and the student who diligently 
slods through the 600 pages of this work has a right to expect 
ome indication of unsolved problems, and of unexplained 
liscrepancies between theory and experiment on which he 
ould start exercising his powers. It is quite likely that, 
wing to his long isolation from practical electronics, the 
wuthor himself was not sufficiently aware of such discrepancies 
is arise for instance in magnetrons. This isolation explains 
ilso his overrating of the value of long final formulae, which 
ire too complicated to give physical insight, but which might 
1elp the tube designer. He does not seem to be aware of the 
act that tube designers have never used anything but the 
implest approximate formulae, and nowadays they use no 
ormulae at all, because their vast accumulated data enable 
hem to obtain any new designs (on the rare occasions when 
hey are needed), by interpolation and by scaling methods, 
thecked by experiments. 

As one may well expect from a book by Prof. Ollendorff, 
he text contains many original contributions, such as, quoting 
rom the blurb, ‘“‘the derivation of the Maxwellian velocity 
listribution from a phenomenological integral equation, the 
ntroduction of Green’s function in the potential theory of 
alves, the simplified treatment of electron trajectories in the 
rid zone, the synthesis of the field of oscillating electrons by 
neans of moving plane surface charges, and the description 
yf electronic travelling waves by means of generalized Hertz 
nd Fitzgerald vectors.” Whether the first-mentioned of 
hese represents a gain in physical insight or not, a complaint 
nust be made on behalf of the novice reader against the way 
n which the author deals with the integral equation. He 
‘oes through all the motions of solving it, without mentioning 
n so much as a word that it is an equation of the well-known 
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Abel type. Later, when the equation crops up again, on 
pp. 217-19, he goes through all the motions again, though 
this time he discloses that it is an Abel-type equation. If 
this sort of repetition had been avoided, the book may well 
have been shortened by a third. A little contact with 
practical electronic research workers would haye made the 
remaining two-thirds twice as valuable. 

With all its failings as a textbook, this work remains a 
unique reference book, and as such can be recommended, in 
spite of its high price, to the libraries of universities and of 
electronic laboratories. D. GABOR 


Der transistor. By J. Dosse. (Miinchen: R. Oldenbourg 
GmbH., 1957.) Pp. 207. Price 19.80 DM. 


This introduction to transistor techniques starts with simpli- 
fied physical concepts, explains the operating principles of 
transistors and reviews the various types that have appeared 
up to the beginning of 1957. The fourth chapter discusses 
the various systems of parameters and equivalent circuits 
used to represent the transistor and includes sections on 
noise and other practical considerations such as temperature 
effects, while the next and longest chapter describes a repre- 
sentative selection of transistor circuits. 

The reduction of mathematics to a minimum, the lucidity 
of the presentation—enhanced by the use of coloured dia- 
grams in various sections—and the inclusion of an excellent 
bibliography to offset the limited scope of this book render 
it useful to those wishing to acquaint themselves easily and 
rapidly with basic transistor techniques; an edition in English 
would be welcome. E. ADLER 


Achema Year Book 1956/1958. European catalogue of chemical 
apparatus and equipment. (Frankfurt: Deutsche Gesell- 
schaft fur Chemisches Apparatewesen, 1957.) Pp. 1068. 
Price 25 DM. 


The Achema Yearbook is, essentially, a triennial journal of 
the German chemical engineering industry justifying its sub- 
title by including a not too liberal sprinkling of non-German 
firms, Out of 100 firms, chosen at random throughout this 
tome, 82 were German, 7 Swiss, 4 French, 3 British, 1 each 
Danish, Dutch and Italian and 1 American. Geographically, 
at least, the editors have answered the questions: ““Who can 
supply? Who can furnish information?” which are given as 
the aims of the Yearbook. 

Although impressive in its layout and indexed with all the 
thoroughness usually associated with German publications, 
the Yearbook is poorer than most trade journals in that it 
attempts too much, covering as it does the manufacture of 
filter papers and filter plants, of nuts and bolts and entire 
chemical factories. In providing translations into two and 
at times four languages, the section ““Technical achievements”’ 
has been condensed to the point where it is difficult to 
maintain interest. 

But whatever criticism may be levelled against the Year- 
book as a whole, the section entitled ““Research institutions” 
is excellent, giving concisely the teaching methods and the 
research projects of 65 major technical colleges teaching one 
branch or another of chemical engineering in 10 European 
countries. I know of no other publication which presents 
the information contained in this section in so readable a 
manner, each report being written by a prominent faculty 
member. This section alone makes the Achema Yearbook 
an important reference book for the educationalist, the 
research director and the employer. H. W. Hoty 
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Proportional counters in X-ray spectro-chemical analysis 
By T. Mutvey and A. J. CAMpBELL,* Research Laboratory, Associated Electrical Industries Ltd., Aldermaston, Berks. 
[Paper first received 14 February, and in final form 22 April, 1958] 


Proportional counters have been used as spectrometers in experiments in nuclear physics for 
some time, but their general application to problems of X-ray analysis has been delayed partly 
for technical reasons and partly through lack of information. 
existing theories on the proportional counter in order to determine the fundamental limits of 
resolving power when used as a spectrometer for light elements such as magnesium. A survey 
of experimental results indicates that only a slight further improvement in performance is 
required to enable proportional counters to analyse adjacent elements such as magnesium and 
aluminium, thus allowing one to dispense with an analysing crystal. 


INTRODUCTION 


In X-ray analysis, difficulties arise in performing an analysis 
on elements lighter than potassium (19), since it is not easy 
to find suitable analysing crystals and sufficiently sensitive 
detectors. The use of a proportional counter is attractive in 
this region since it can be designed to have a high quantum 
counting efficiency, a high counting rate (20.000/s), and, 
furthermore, it is intrinsically energy-sensitive and therefore 
capable of being used as a spectrometer to perform a chemical 
analysis without the use of an analysing crystal. The group 
of elements suitable for analysis by this technique includes 
silicon, aluminium and magnesium. 

A proportional counter consists essentially of a smooth 
metal wire about 0-1 mm in diameter, accurately aligned 
along the axis of a metal cylinder, a few centimetres in 
diameter; the cylinder is filled with a heavy gas such as argon 
or xenon, which serves to absorb incident X-ray photons. 
The wire is maintained at a high positive potential, usually 
about 2 kV, relative to the cylinder. Incident X-ray photons 
ionize the gas, thus forming a number of pairs of electrons 
and positive ions; the number formed is proportional to the 
energy of the incident photon. If the average gas amplifica- 
tion is kept constant, then the average height of the voltage 
pulse on the central wire is proportional to the energy of the 
incident X-ray photons and the proportional counter becomes 
a useful spectrometer for X-ray analysis. The energy resolu- 
tion of a proportional counter is limited by statistical con- 
siderations and by purely technical difficulties. It is the 
purpose of the present paper to determine the fundamental 
statistical limit and to suggest means of attaining it in practice. 


STATISTICAL LIMITATIONS 


In the absence of purely instrumental defects, the mean 
pulse height from a proportional counter varies directly as 
the energy of the incident photons. The resolving power is 
limited by statistical fluctuations in the number of initial 
electrons N formed by each photon, and in the number of 
ion pairs A produced by each electron in an avalanche. 
Frisch“ has shown theoretically that the relative variance 
of the output pulse height (ap/P)? is practically independent 
of the gas amplification factor A, where op is the standard 
deviation, and P the mean of the pulse height; this has been 
verified experimentally by Hanna, Kirkwood and Ponte- 
corvo for AE < 10°, where E is the energy of the incident 
photons in keV. 


* Now at Trinity College, Cambridge. 
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As N is small and P « E£, it is reasonable to assume that 
A is independent of N and it can be shown that 
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Snyder) and Frisch!) have shown theoretically that 
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Fano™ has discussed the value of k, the coefficient associated 
with the formation of initial ions, and estimated it to be 
between 2 and 3. Hence, taking an average value for k 


2 Bi: 

(3) = 5 | 
Valentine) and Weiss and Bernstein have determined the 
energy loss per collision in argon and found that E/N = 0:0264 


and 0:0255 keV respectively. If a value E/N = 0-026 keV 
is accepted (4) becomes 


ae _ 0:0364 
PPS a: 


Op ne 0-19 


Therefore p > Em (E measured in keV) (5) | 


Values of op/P for energies between 0-25 and 70 keV have 


Curran, Cockroft and Angus,” Arndt, Coates and Crathorn,® 
Bisi and Zappa, Lang,“ West and Bradley,“) and by the | 
present authors; the results are plotted in Fig. 1. It will be | 
sufficient to remark at this stage that the values of op/P 
obtained here are in agreement with the early work of | 
Curran and his co-workers, but higher than those of Bisi 


and Zappa. : 

It is difficult to assess the comparative accuracy of the : 
experiments mentioned above, but certain tests can be } 
applied, particularly where data have been obtained over a : 
wide energy range. In this connexion, it is of great interest 
to separate the variance (p/P)? into its components | 
1 so 4 2 On\~ : 
at) and (3) 
N\A N 
as given by equation (1). Curran and his co-workers have 
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done this by investigating the pulse height distribution from 
single electrons (i.e. N = 1) and found that, i in this case 


(B= (GY <0 


Hence, (1) may be written 


PV" 0- oe . (ON 4 
( (@) ‘) 
so, taking E/N = 0-026 as before 

oP)" = 0- ae On 2 

& (F) (7) 


Ka, 


o,/P (Yo) 


Energy (keV) 
Relative standard deviation of pulse height 


Fig, 1. 
distribution with energy 


theoretical (Snyder, Frisch, Fano). 
— empirical [equation (8)]. 

Mulvey and Campbell. 

Bisi and Zappa. 

Hanna, Kirkwood and Pontecorvo. 
Arndt, Coates and Riley. 

Curran, Cockroft and Angus. 
Lang. 

West and Bradley. 
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In Fig. 2, the data of Bisi and Zappa have been used to 
plot (ap/P)* and 0-0177/E as functions of E. The difference 
between them is also plotted, giving a curve for the variance 
(on/N)* associated with the initial electrons. This does not 
give the surprising peak at 5 keV which Bisi and Zappa found 
by using an earlier value E/N = 0:0286 determined by 
Curran, Cockroft and Insch.@) 

It is fairly clear from Fig. 1 that the results of Curran and. 
his co-workers and the present writers for (cp/P)* are on the 
high side; this can almost certainly be ascribed to end effects 
in the particular counters employed, since the active volume 
was not defined with sufficient precision (e.g. by the use of 
field tubes). It is probable that Curran and his co-workers’ 
value o,/A = 0-681 is also too high, and hence that the 
value of oy/WN is in fact larger than is shown in Fig. 2, par- 
ticularly for lower energies, as would be expected on theoretical 
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grounds. The nature of possible improyements in the 
counters is discussed in a later section. 


Bisi and Zappa’s results fit the curve op/P = ; very 


F395 39 


closely, but it is difficult to reconcile the exponent of E with 
the physical processes involved. The general form of 


Energy (keV) 
Di Sag As [e) 


20 SO 


O-O1O 


O.008 


3 


Relative varicnce 


O O5 re) 5 20 
LogE 
Fig. 2. Relative variance of the number of initial 
electrons 


Curve (a), (ap/P)?; curve (b) 1/N (o.4/A)2; curve (c) (ay)2/N. 


equation (5) is probably correct, but it appears that the 
factor 0:19 is somewhat higher than the value suggested by 
experiment; consideration of all available results suggests 
the adoption of 

op 0-15 

P BIP oe 


as being the most probable value. 
The experimental evidence would be greatly clarified if 
values of op/P could be obtained — 


(i) in an ionization chamber (A = 1, o, = 0), 
(ii) in a proportional counter, particularly in the range 
Otek = 2keVs and 
(iii) in a proportional counter with single electrons 


(N = 1, oy = 0) to verify the work of Curran and his 
co-workers. 7) 


APPLICATION TO X-RAY SPECTRO-CHEMICAL 
ANALYSIS 


In the analysis of the X-ray K spectra of the elements, it 
is important to determine the resolving power needed to 
separate the spectra of neighbouring elements. The problem 
is complicated by the fact that the relative spacing of the Ka 
and Kf lines varies through the spectrum; this could make 
the resolution of neighbouring elements a difficult task in 
certain parts of the spectrum. 
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In order to determine the power of a proportional counter 
to separate the K emission lines of neighbouring elements, 
Hendee and Fine“!*) considered the ratio 


BZ) 
EZ + 1) — EZ) 


where Z is the atomic number of an element, F(Z) is the 
energy of its Ka line, and B(Z) is the width of the pulse 
height distribution curve at half the maximum height. 
B(Z) is sometimes known as the “half-width” of the distrr 
bution. Hanna and his co-workers and Bisi and Zappa” 
have found that the distribution may be fitted with a normal 
curve, at least within +30 of the maximum. 

Applying Moseley’s law to equation (9) and using the 
relation that the half-width is proportional to E'/*, Hendee 
and Fine showed that R(Z) is independent of Z. If their 
analysis is repeated using equation (8) to obtain the half- 
width, then R(Z) has the value 1-8 (compare Appendix A) 
and is independent of atomic number. 

Fig. 3 shows the predicted pulse height distribution curves 
calculated for R(Z) = 2, i.e. a slightly inferior resolving 
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Fig. »3, 


Calculated pulse height distributions from alloys 
of different compositions 


(a) separated by two elements; (6) separated by one element; 
(c) neighbouring elements. 


power compared with the best that has been obtained. 
Fig. 3(a) shows the distribution that would be obtained from 
various alloy compositions of elements separated by two 
atomic numbers, for example magnesium (12) and phos- 
phorus (15). Fig. 3(6) shows the corresponding distributions 
for elements separated by one atomic number, for example 
magnesium (12) and silicon (14). With the aid of such curves, 
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accurate analysis should not be difficult. Fig. 3(c) shows the 
more difficult case of neighbouring elements such as mag- 
nesium (12) and aluminium (13). The curves for alloys of 
different composition are not so readily distinguished, but 
even this case should not prove intractable, given the necessary 
instrumental stability. 


THE INFLUENCE OF WEAK LINES 


The above expression for the resolving power of a propor- 
tional counter is strictly valid only if the pulse height distribu- 
tion from the Ka, line is not affected by weaker lines, such 
as the Ka, or Kf; lines. This holds only for elements of 
atomic number lower than sulphur. For elements of higher 
atomic number than sulphur but less than that of silver the 
KB, line causes a broadening which amounts to a maximum 
of 7% for cobalt. For elements of still higher atomic number 
the Ke, line is mainly responsible for the broadening which 
reaches 20°% for lead. 
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Fig. 4. Calculated half-widths of K emission pulse 
distribution from sodium to silver 


half-width of counter distribution. 


80 —— 
7S — 
70 eek 
N 65 —_— 
3 iret 
VY kaa 
E pee i 
255 — 
<x eee 
SOL 
Ree eaten Sia ca WRN RENAE Ee Maro 
25 35 45 55 65 75 


Energy of X-rays (keV) 
Calculated half-width of K emission pulse 
distribution from silver to bismuth 
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The actual half-widths are shown in Figs. 4 and 5 for the 
lements sodium (11) to bismuth (83). The layout is taken 
rom Hendee and Fine,“3) whose figure is based on 
R(Z) = 2-1 but neglects the effect of weak lines. The half- 
vidths in Figs. 4 and 5 are based on the experimental data 
yf Bisi and Zappa; this results in smaller half-widths for the 
ighter elements than those given by Hendee and Fine. On 
he other hand, elements heavier than lanthanum give rise 
0 distributions with greater half-widths because of substantial 
roadening by the Ka, line. 

One may conclude that when Z is less than 20, the most 
mportant region for proportional counters in spectro- 
themical analysis, the resolving power will be almost inde- 
endent of atomic number. Curves similar to those of Fig. 3 
nay be expected in which only adjacent elements should 
sause any difficulty and even these should not prove intract- 
ible. In this region, eyen a modest improvement in the 
yresent-day resolving power of the proportional counter 
vould be of great benefit in X-ray analysis. 


EXPERIMENTAL 


No published accounts are available of the pulse height 
listribution from elements such as magnesium or aluminium. 
The distribution for aluminium K radiation was measured 
with a gas-flow proportional counter of conventional design. 
The K radiation was excited by bombarding an aluminium 
arget in the electrons in an X-ray micro-analyser“” developed 
n this laboratory. Such an instrument is suited to investiga- 
‘ions in the soft X-ray region since the electron bombardment 
san be closely controlled and a vacuum path is available 
between target and counter. 

The pulse height distributions from vanadium, chromium 
and copper K radiations were also obtained, either by electron 
bombardment or from radioactive isotopes such as Cr°! or 
Fe>>. The relative standard deviations op/P, which have 
already been referred to, are plotted in Fig. 1. 

Although these results are in excellent agreement with the 
sxtrapolated values of Curran, Cockroft and Angus, and 
sonfirm the general form of equation (5), they are nevertheless 
significantly higher than the results of Bisi and Zappa. 

A subsequent check on possible instrument errors indicated 
that the lack of roundness of the central wire, as shown by 
optical micrographs of the cross-section, could be a cause of 
the discrepancy. The lack of field tubes in the present 
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counter could also affect the results. More experimental 
evidence for ap/P is required in the soft X-ray region, and the 
counter is being re-designed to eliminate these geometrical 
effects as far as possible. 


CONCLUSIONS 


A critical review of the present writers’ experiments, in the 
light of theoretical and experimental work by previous authors, 
suggests that the limit of the spread of the pulse height 
distributions (due to statistical fluctuations) has not yet 
been reached for the characteristic radiation of elements 
from potassium to magnesium. The further slight improve- 
ment in proportional counters that is required is possible 
and worth while for X-ray analysis for these elements owing 
to the favourable nature of their K spectra. The improve- 
ment to the counter is likely to be in the use of field tubes,“ 
the perfection of methods of lapping the central wire and the 
removal of electro-negative impurities from the gas.¢® 
Arndt and his co-workers‘®) and Lang !® have described 
proportional counters for use with the more energetic copper 
Kae radiation, in which instrument defects are negligible; 
the smaller spreads reported by Bisi and Zappa also point 
to the feasibility of such improvements, but their results as 
a whole are difficult to reconcile with existing theory and 
require further experimental support. 

A suitable counter of improved design is being developed. 
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APPENDIX A 
Proof that R(Z) ~ 1-8 
Assuming that the pulse-height distribution is Gaussian, 
B(Z) = 2°36, = 2:36(op/P)E 
From equation (8) 
oplP = O215/E1? 
ie, B(Z) = 2:36 X 0-15E'l? = 0-0354E'? 


Percentage standard deviation of pulse height distribution op/P (%) 


Energy Curran and Hanna and 


Arndt and 


Bisi and West and 


(keV) co-workers. co-workers Lang co-workers Zappa Bradley Present authors 
0-250 36 + 4 
1-49 15-4 (Probe on Al) 
2:00 10-5 
2°8 8-8 
4°95 ies 9-3 (Cr?!) 
5-86 6:9 8-0 (Fe>>) 
8-2 (Probe on Mn) 

8-0 7:43 6-0 5:8 7:2 (Probe on Cu) 
9-25 a) 

13237 Sil 

17:4 5-00 4:0 

22-10 4:10 

32-05 3-50 

46:7 2°94 

Sheil) 2:92 

59-6 PPh 

66°20 2:70 
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By Moseley’s law 
E ~ 0-01(Z — 1)? 


ie. B(Z) = 2°36 x 0-15E'/ 
Le. B(Z) = 0-0354(Z — 1) 
But EZ + 1) — E(Z) = 0-0102Z — 1) 
~ 0-02(Z — 1) 
ive. R(Z) ~ 1°8 


Note added in proof 

Considerably smaller standard deviations than ° those 
reported above have recently been observed by the authors 
using a proportional counter of improved design. In order 
to avoid instrumental errors the pulse height distributions 
were recorded on a Sunvic 100-channel pulse height analyser, 
kindly loaned by the manufacturers for the purpose. The 
relative standard deviation (cp/P) for copper radiation was 
2:6% and for aluminium 6-1 °%; both being excited by direct 
electron bombardment. With such low standard deviations 
the analysis of adjacent elements should be greatly simplified. 
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The cleaning of glass in a glow discharge 
By L. HoLLanp, F.Inst.P., Research Laboratory, Edwards High Vacuum Ltd., Crawley, Sussex 


[Paper first received 17 March, and in final form 23 May, 1958] 


An. investigation into the glow discharge cleaning of glass in kinetic vacuum systems is 
described. The cleanliness of the treated glasses is assessed by their coefficient of friction ju, 


freedom from optical absorption and wetting characteristics. 


Glasses bombarded by high 


energy electrons from the cathode dark space in the presence of hydrocarbon vapours are coated 
with organic layers, whereas glasses bombarded in the positive column are cleaned. Deposits 
formed in hydrocarbon vapours have a value of « = 0-3 and cannot be wetted, whereas those 
formed in silicone vapour are wettable and have a value of ~ = 0-6. An electrode system is 
described for use in evaporation plant in which the high energy electrons traversing the cathode 
dark space are prevented from bombarding the glass. Random bombardment by positive ions 
and neutral molecules in air, A, N2, Hz and O2 produces clean glass with « = 0-7 — 0:9. The 
contamination of the cleaned surfaces by hydrocarbon and silicone molecules is discussed. 
Freshly deposited silica films and glass surfaces prepared by fracture in vacuo become con- 
taminated by strongly adsorbed silicone molecules, whereas clean aged surfaces of glass and 
silica are not contaminated because the cations are screened by OH-ions. 


1. INTRODUCTION 


Clean glass possesses a number of distinguishing features 
such as the ability to condense a uniform water layer when 
breathed upon, known as a “‘black breath figure” to differen- 
tiate it from the “‘grey figure’? that forms on a hydrophobic 
surface. Clean glass also has an abnormally high coefficient 
of friction when rubbed with glass or metal, and Langmuir 
has demonstrated that an adsorbed mono-molecular layer of 
a fatty acid is sufficient to have a marked lubricating effect. 
Many workers have shown that clean glass possessing such 
properties may be produced by treatment with hot acids, 
high temperature flames,?->) electrical sparking” and 
glow discharge cleaning at low pressures.(8-! 

In spite of the extensive literature on the properties of 
clean glass and the techniques for its production, there has 
been little attempt to determine the manner in which cleaning 
occurs, particularly when using flames and ionized gases. 
The cleaning of glass in a glow discharge is now a commonly 
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practised method of preparing a substrate before evaporation 
of thin films in vacuum, but in spite of its general use the 
technique has developed more as an art than a science. ' 

An investigation is being made by the writer into the 
effects of treating glass in a glow discharge at voltages 
between 0-5-5 kV, and it has been shown elsewhere“!!) that 
bombardment by high energy electrons deposits organic 
films on glass surfaces when using a kinetic pumping system. | 
Similar coatings are formed by electron bombardment in| 
high vacuum and have been attributed by Ennos“!: !3) to the 
decomposition of hydrocarbon molecules adsorbed to the 
target surface. It has also been found that bombardment of | 
glass by positive ions traversing the cathode dark space § 
removes contaminants remaining after chemical cleaning or} 
organic film condensed by electron impact. At high current 
densities components are selectively removed from the glass, , 
thereby lowering the refractive index of the surface.“)) 
More recent results indicate that the glass components are 
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emoved by cathodic sputtering, an effect which could explain 
he surface changes noted by Koch !4) and Hines !5) who 
dombarded glasses with 40 keV ions, and attributed the 
owering of the refractive index to alterations in the internal 
structure of the glass. 

This account deals with the development of electrode 
systems for cleaning glass in a glow discharge in the presence 
of organic vapours such as are found in kinetic pumping 
systems. Attention is also given to the use of the electrodes 
m vacuum evaporation plant and the properties of the 
leaned glass surface. 


2. EXPERIMENTAL METHOD 


The experimental electrode systems were mounted in a 

metal vessel fitted with rubber seals and exhausted by a 
silicone oil diffusion pump with a water-cooled vapour 
baffle. The arrangement of the high tension power supply 
and the gas pressure control were those described by 
Holland.“® Power for the glow discharge was obtained 
from a high reactance transformer, the output of which 
sould be varied between 0 and 5 kV at a current of up to 
500 mA. The pressure was roughly set by admitting gas to 
the vacuum vessel through a needle valve and finely adjusted 
by varying the pumping speed. The speed of the diffusion 
pump after baffling was 10001/s below 1 micron of mercury, 
and in the pressure range used for the glow discharge 
(5 to 1000 ~ Hg) the rate of leaking gas into the system 
was equal to 1c%/s at atmospheric pressure so that the 
contamination from degassed vapours was a minimum. The 
plant could be exhausted to an ultimate pressure of 0-01 
Hg before admitting gas. 
- The glass specimens were cut from plate glass and cleaned 
with a detergent (Teepol) before treatment in the glow dis- 
charge. The cleanliness of the treated glasses was assessed 
by determining their coefficient of friction, optical absorption 
and wetting properties. 

The reflectance, transmittance and absorption (R + T+ 
A= 100%) of the treated glasses were measured with a 
photometer fitted with a chopped light source (33 c/s) and 
a high gain amplifier which permitted an accuracy of +4% 
when determining the absorption. 


3. GLOW DISCHARGE ELECTRODES 


Glass slides may be cleaned by the bombardment of 
9ositive ions traversing the cathode dark space of a glow 
Jischarge if the glass is rested on a plane cathode electrode. 
Clean surfaces maybe obtained even in the presence of 
qydrocarbon vapour. However, there are many obstacles to 
she use of such a simple arrangement, particularly in vacuum 
svaporation plant. At high current densities (0-2 mA/cm7) 
the glass surface may be damaged by the removal of com- 
jonents of the glass. Also, the bombarded surface becomes 
slectrically charged so that ions in the glass such as sodium, 
nigrate to the surface under the induced field. The system 
san only be used with a glass of limited area, otherwise the 
configuration of the cathode dark space is affected, and only 
he edges of the glass are bombarded by positive ions. 
finally, when used in evaporation plant volatilized films may 
xe deposited on the open cathode electrode and sputter 
yn to the glass during a subsequent cleaning operation. 
Sor these reasons experiments were made to find whether a 
slass could be cleaned by random bombardment of positive 
ons in a glow discharge in the presence of hydrocarbon 
vapour. 
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(a) Cleaning in the positive column. A cathode of 18 cm 
diameter made of pure aluminium was mounted with a long 
glass slide arranged at an angle to the normal to the cathode 
surface so that the glass was bombarded at different distances 
from the cathode. In this experiment only, a tray of butyl 
phthalate was placed in the chamber to maintain a high 
hydrocarbon vapour pressure (~ 0-1 « Hg) throughout the 
bombardment period. Glass slides were bombarded in 
air for 5 min at a current density of 0:2 mA/cm? and at 
different voltages and gas pressures. The optical trans- 
mittance of the glasses was measured at A = 4600A as a 
function of the distance from the cathode and is plotted in 
Fig. 1. Similar curves have been obtained, but with less 
reduction in transmittance, when the hydrocarbon vapour 
present was solely that from the vacuum system. 


cathode dark space length 


SkKV 


glass plate 


Lem) 


Fig. 1. Reduction in transmission of glass plate 

measured at A = 4600A after 5 min bombardment in 

air at constant current density (0:2 mA/cm?) and different 
voltages and gas pressures 


The curves in Fig. 1 show that the optically absorbing 
deposit is concentrated near the cathode where the glass is 
exposed to bombardment of high energy electrons traversing 
the cathode dark space. Glasses bombarded at a high 
pressure and low voltage (500 V) were completely immersed 
in the positive column and did not become optically absorb- 
ing. Near to the cathode the exposed glass surface was 
hydrophobic indicating that the glass was not free from 
electron induced contaminants, but at the anode end of the 
positive column both sides of the glass showed a black 
breath figure and had a high coefficient of friction. 

If a glass previously contaminated with a hydrocarbon film 
by electron bombardment was exposed in the anode end of 
the positive column, the coating was not removed. This 
showed that the electrons in the plasma had insufficient energy 
to dissociate the hydrocarbon molecules because the random 
ion bombardment could not have removed the decomposition 
products had they formed. However, the random bombard- 
ment of positive ions was sufficient to remove weakly absorbed. 
contaminants remaining after chemical cleaning. 

The arrangement shown in Fig. | is unsatisfactory for 
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cleaning purposes even when using low voltages because if 
the pressure should fall, the cathode dark space lengthens 
so that the glass is exposed to the bombardment of high 
energy electrons, which quickly induce surface contamination, 
This may be avoided with the apparatus described below 
which permits the use of an extended cathode dark space 
without the risk of electron induced contamination. 

(b) Shielded cathode system. The electrons liberated from 
or near the cathode in a glow discharge tend to travel in 
straight paths through the cathode dark space, whereas the 
ions with their smaller mean free path are scattered by 
colliding with gas molecules. The rectilinearly propagated 
electrons can be prevented from striking the work by shielding 
the cathode, and an alternative path made available to 
sustain ionization. Thus, the high velocity electrons can be 
made to travel in directions which will avoid collisions with 
the work surface, whereas the positive ions and neutral 
molecules of high velocity may be considerably scattered and 
strike the work. 

Electrode systems* based on this simple design principle 
have been used effectively in several different evaporation 
plants, and we shall deal here with that used in a plant 
fitted with a rotary plane work holder. For purposes of 
comparison a conventional system has been used consisting 
of a pair of sector-shaped electrodes mounted under the 
work holder and connected to an a.c. power supply as shown 


rotary 
workholder 


electrode 


grounded 
shield 


vopour source 


glass 


Fig. 2. Sector cathodes used with a rotary work holder 
in a vacuum evaporation plant (dimensions are given in 
inches) 


in Fig. 2. Hiesinger“”) has described a similar system using 
a single sector cathode. 

Shown in Fig. 3 is the modified electrode system. It consists 
of two electrodes made from aluminium bar arranged 


* Subject of a provisional patent specification. 
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radially under the work holder. The gap between they 
electrodes is too small for sustained ionization at the pressurey 
and current density used, and the discharge follows the longer 
path shown. The electrodes are covered with a shield so that 
the electrons traversing the cathode dark spaces are} 
accelerated parallel to the plane of the glass. When 
operated at high pressures (0-5 mm Hg) and low voltage} 
(500 V) the glass is exposed only to the positive column and} 


grounded 
shield 
contaminant edge of cathode 
zone dark space 
Fig. 3. Shielded electrodes used with a rotary work 


holder in a vacuum evaporation plant (dimensions are 
given in inches) 


at low pressures (0:01 mm Hg) and high voltages (5 kV) the# 
glass is exposed to the random bombardment of high energy/ 
ions and neutral molecules from the greatly extended cathode} 
dark space, but under neither condition can high energy} 
electrons reach the glass. Operation of the electrode system 
at high voltages and low pressures results in intense heating} 
of the glass, which is useful when the properties of an} 
evaporated deposit are improved by deposition on to a hot 
substrate. 


4. OPTICAL MEASUREMENTS 


Table 1 compares the optical absorption produced inj 
glasses by contaminating films using the unshielded soert 
cathodes and those of the new design. Both systems were# 
Table 1. The effect of the glow discharge on the opticai 
absorption of glass at X =5300A when treated in a 


demountable metal vessel with different electrode arrangements 


H.T. electrode Treatment 


design Residual gas time (min.) T(°%) R(%) A(%) 
Unshielded air 60 88 8-5 BIS 
Unshielded air 180 86-5 Hed: 6 
Shielded air 60 91 9 0 
Unshielded argon 60 88 8 4 
Shielded argon 60 91 9 0 
Unshielded air-Neoprene 10 10 10 80 
Shielded air-Neoprene 10 91 9 0 


All glasses were mounted on a 14 in. diam. rotary holder and 
exposed to a glow discharge of 5 kV at 160 mA with flowing gas 
at 10-2 mm Hg pressure. 


operated at 5kV and 160 mA at 10-7 mm Hg pressure withh 
a cathode dark space of about 4 in. in depth. Under these 
conditions the edge of the cathode dark space almost reaches} 
the work surface when using the open sector. electrodes. 
The exposed glass remained free from absorption even when| 
a piece of Neoprene rubber was placed in the cathode dark] 
space near to one of the shielded electrodes, whereas a demel 
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brown deposit was formed on the glass using unshielded 
eléctrodes, as shown in Fig. 4(a). Fairly clean glass could, 
in fact, be prepared in the presence of the Neoprene so that 
when a stick of titanium was lightly rubbed over the glass 
surface, a heavy trace of metal was left on the treated 
portion of the glass as shown in Fig. 4(b). Undecomposed 
hydrocarbon molecules would not be readily adsorbed to 
the glass because its temperature rose to about 150° C during 
the treatment. The electrons accelerated in the cathode dark 


(a) 


_ Fig. 4. The glasses have been partially masked and 
exposed to a glow discharge using a rotary holder with 


Neoprene rubber,in the cathode dark space. Glass (a) 

_ shows on the exposed half of the surface the pattern of 

hydrocarbon decomposition which varies with the 

intensity of the impinging electrons. Glass (4) cleaned 

with shielded cathodes has a high coefficient of friction 

on the treated surface which has been permanently 
exposed by rubbing the surface with titanium 


‘space of the shielded electrodes struck the wall of the vessel 
where an organic deposit slowly appeared as shown in 
Fig. 3. 

It has been claimed ® that a chemically cleaned glass 
‘surface may be protected against contamination whilst in the 
atmosphere by a film of an organic fluid which is thermally 
evaporated or oxidized in a glow discharge. Tests have 
‘shown that at low pressures the electrode system in Fig. 2 
decomposes grease films (e.g. Apiezon “‘L’’) spread on a glass 
surface because the glass is exposed to bombardment by 
high energy electrons, whereas grease layers are removed 
from glass using the shielded electrodes. 


5. SOME PROPERTIES OF CLEAN GLASS 
(a) The coefficient of friction 


The coefficient of friction ~ was measured for glasses 
cleaned in a glow discharge and by other means using a glass 
rider with an area of 2:5 X 5 cm under a load of 120 g. 

Vapour degreasing both the test glass and the rider in iso- 
propyl alcohol produced a surface with a static value of 
f4 = 0-6. When the glass was cleaned in a glow discharge 
with shielded electrodes the value of j measured in air 
immediately after treatment was substantially the same 
whether the rider was glow-discharge cleaned or vapour 
degreased. A vapour degreased rider was normally used in 
the experiments to be described. Table 2 shows the values 
of j measured using different cleaning techniques and is 
largely self-explanatory. The values given are the average of 
five or more measurements. Measurement of the kinetic 
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friction with the test glass vibrated at 50c/s gave values 
some 15% under those in Table 2, but with the same relative 
order. 

Of interest is the low value of jz obtained with a chemically 
cleaned glass after baking for 1h at 300°C at 0-1 u Hg 
pressure. The surface could not be wetted with water and 
it was concluded that the glass was contaminated with 
hydrocarbons. It is not usually possible to produce durable 
evaporated films on glasses which have been baked in 
vacuum. Rayleigh found that a black breath figure could 
only be obtained by heating if the glass temperature was 
raised to the softening point. 


Table 2. The coefficient of friction of glass on glass using 
different cleaning techniques 
Cleaning techniques* U. 

Teepol and Selvyt polished 0:05 
Vapour degreased (iso-propy!l alcohol) 0-6 
Baked in vacuo (300° C 1 h) 0:2 
Flamed (coal gas and air) 0-4 
Unshielded h.t. electrodes in air (silicone 

contamination) O27 
Unshielded h.t. electrodes with silicone oil bath 0-6 
Unshielded h.t. electrodes in air/Neoprene rubber 0-3 
Shielded h.t. electrodes in air 0:8 
Shielded h.t. electrodes in air/Neoprene rubber 0:6 
Shielded h.t. electrodes in A, N5, H, and O, 0-7-0*9 
Evaporated silica on silica 0-7 
Evaporated cryolite on cryolite 0:55 


* All glasses treated in a glow discharge were mounted on a. 
rotary support of 14in. diameter and exposed for 10 min. at 
5 kV and 160 mA in flowing gas at 10-2 mm Hg pressure, unless 
otherwise specified. 


The glasses treated in a glow discharge were mounted on 
a rotary support and exposed for 10 min at 5 kV and 160 mA 
in flowing gas at 10-7 mm Hg pressure, using the apparatus 
shown in Figs. 2 and 3, The surprising observation was 
made that glasses bombarded with the open sector cathodes 
as shown in Fig. 2 were coated with optically absorbing 
deposits which were readily wetted by water and possessed 
a high value of x. The effect was attributed to the decom- 
position of silicone vapours emitted by the diffusion pump 
which formed silica films on the glass surface. To confirm 
this a tray of silicone oil was placed near to the sector 
electrodes and the treated glass still had a high value of 
and couid be wetted. If the electron bombardment was very 
intense the deposit showed interference colours and had 
negligible absorption. Using a method based on Brewster 
angle measurement, Mr. T. Putner found that the deposits 
had a refractive index of 1:58. Durable coatings of 
aluminium have been produced on glasses coated with 
decomposed silicone films and undoubtedly many workers 
using these fluids must have unwittingly produced such base 
coatings. The values of for glasses treated in the presence 
of hydrocarbon vapours from Neoprene rubber were low 
and the decomposed deposits could not be wetted. 

Absorption-free glasses with a high coefficient of friction 
and showing a black breath figure were always obtained with 
the shielded electrodes irrespective of the nature of the 
residual gas. As the friction was not measured in vacuo it 
would be dangerous to attribute different cleaning efficiencies 
to the different gases because the test glasses must have been 
partially contaminated by exposure to air. 

When the shielded electrodes were operated at high pressure 
and low voltage (500 V) so that the glass was in the positive 
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column between the electrodes clean glass was obtained with 
pe = 0-75. Karasev and Izmailova!?) have reported a value 
of 0:8 for clean quartz and 1-07 for clean glass, compared 
with the average value measured here for clean glass of 
0-8; from their experimental data it would appear that their 
surfaces were cleaned in the positive column of the discharge. 

An attempt to produce a very clean surface was made by 
evaporating A/4-films of silica and cryolite on to the test 
glass and the rider. The static coefficient of friction for a 
silica film was 0-7 and for cryolite 0:55. The coatings were 
disrupted by the sliding action, and it was apparent that the 
frictional force had been overcome by shearing at the glass- 
to-film boundary. The values, therefore, cannot be taken 
as those of bulk material, but they are a useful indication of 
the bonding of a film. Thus, silica deposited on Teepol- 
cleaned glass without glow-discharge cleaning gave a value 
of 4 = 0:3. 


(b) Contamination of the cleaned surface 


Bateson?” has shown that a glass surface cleaned in a 
glow discharge becomes contaminated by hydrocarbon 
molecules if left for a few minutes in the vacuum of a kinetic 
pumping system. However, when making the tests discussed 
here the glasses were removed from the vessel immediately 
the cleaning was completed. Tests were made to find the 
speed of surface contamination in a normal kinetic plant. 
Fresh evaporated films of silica-on-glass were prepared and 
exposed for different periods in vacuo after deposition. It 
was observed that the silica deposits could be readily wetted 
with water for a certain exposure period, and then their 
surfaces rapidly became hydrophobic so that spherical water 
droplets were formed. All of the coatings possessed a high 
coefficient of friction, and it was deduced that the adsorbed 
layer was silicone oil from the diffusion pump, which is a 
poor lubricant and strongly water repellant. 

A series of clean silica and glass surfaces were prepared 
and exposed in air and vacuo and the following observations 
made: 

(a) Silica coated glass. Films which had been rendered 
hydrophobic by exposure in vacuo could not be made 
wettable by vapour degreasing in iso-propyl alcohol vapour, 
but could be by flaming or glow-discharge cleaning. How- 
- ever, the cleaned films did not become hydrophobic as found 
with new coatings when re-exposed in vacuo. Evaporated 
silica films initially exposed to the atmosphere immediately 
after formation also did not become hydrophobic after long 
periods in vacuo. 

(b) Fractured glass surfaces. The fresh surface of a 
fractured piece of glass was readily wetted by water and 
showed a black breath figure when the glass was broken in 
air. The surfaces of broken glass prepared in vacuo could 
not be wetted after exposure for 4 min at the reduced pressure. 
However, glass fractured in air and transferred to the vacuum 
plant continued to be wettable after hours of exposure in 
vacuo. 

(c) Clean glass. Glasses cleaned by a glow discharge or 
chemical methods remained wettable and did not develop a 
hydrophobic surface after hours of exposure in vacuo. 

From these observations it is obvious that a new surface 
of glass or silica rapidly becomes contaminated by strongly 
adsorbed substances when exposed in air and these screen 
the cations in the glass surface and prevent the subsequent 
adsorption of silicone molecules. (It should be noted that 
the vapour pressure of the silicones in the vacuum chamber 
was below the saturated value so that oil could not condense 
on the glass.) Water vapour would have been present in 
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the glow discharge gas and also formed in the flame so that 
cleaned surfaces would constantly be covered with OH ~ ions. 
It is known that silicone molecules can be chemisorbed to } 
glass by using dimethyl silicon chloride which chemically 
reacts with the OH~ ions and removes them from the surface. 

An experiment was made to ensure that the hydrophobic | 
surface was not produced by hydrocarbon vapours emitted ! 
from rubber gaskets. A quantity of rubber shielded from | 
heat radiation was placed inside the vacuum vessel and a H 
silica film deposited. When removed from the vessel the } 
coating smelt strongly of sulphur and was obviously con- 
taminated, but a black breath figure could still be condensed } 
and the surface was readily wetted. This proved that the i 
principal material emitted by the rubber at normal tempera- 
ture was not hydrophobic and also that a black breath figure | 


was not a criterion of cleanliness under all conditions. 
From the earlier measurements of the different times 
required to render a silica film hydrophobic, it was concluded | 
that the silicone vapour pressure was less than the equilibrium | 
amount due to the fresh coating on the chamber interior | 
having a gettering action. To avoid this, a tray of silicone 
oil was placed in the coating vessel. The coating vessel was } 
exhausted by a fractionating oil diffusion pump charged with } 
Silicone 704 and fitted with a cooled baffle (15° C). With 
Silicone 704 in the vessel the contamination time was constant 
at 3 min and with Silicone 703 the time was 1 min. Silicone 
704 is a new fluid consisting of molecules with a constant 
molecular weight of 484. Assuming that some 10!* molecules } 
per square centimetre are required to cover the surface and i 
that the molecules condense on first impact, then this would } 
give a vapour pressure of about 7 x 10~-? mm Hg. The ion } 
gauge reading of the ultimate of a fractionating pump | 
charged with this fluid is 4 x 10-°mm Hg, but this is in 
error due to the unknown ionization coefficient of the vapour. 
An estimate of the vapour pressure obtained by extra- 
polating a curve determined at high pressures, has recently 
been reported?!) as 9 x 10°? mm Hg at 20°C. If one 
allows for the uncertainty in the area of the silica surface, | 
the two values are in good agreement. It is likely that the 
surface of the silica available for adsorption approximates to 
that of a plane, because the large oil molecules are unable to 
penetrate the porous structure of the evaporated film. 


5. CONCLUSIONS 


It has been shown that bombardment of glass surfaces by 
the electrons traversing the cathode dark space in a glow | 
discharge may produce surface coatings if hydrocarbon 
molecules are adsorbed to the glass. Further, that decom- 
position of silicone molecules forms coatings which are 
readily wetted with water and have a high coefficient of | 
friction as found with clean glass. Random bombardment 
by positive ions (or neutral molecules), from the cathode | 
dark space or positive column, produces clean glass in air or | 
argon. Glass may be cleaned without risk of hydrocarbon — 
contamination using a cathode electrode which is shielded to | 
prevent direct electron bombardment of the glass. 

Glasses cleaned in a glow discharge or by flaming cannot | 
be rendered hydrophobic by exposure to silicone vapour as | 
can freshly fractured surfaces and those of evaporated silica. 
Aged glass surfaces are covered by OH~ ions which are not 
removed by the cleaning techniques discussed here. 
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Structure-cell data and expansion coefficients of bismuth telluride* 
By M. H. FRANCOMBE, M.Sc., A.Inst.P., The General Electric Co. Ltd., Wembley, Middlesex 


[Paper first received 20 February, and in final form 15 April, 1958] 


Accurate measurements of the structure-cell parameters of bismuth telluride, BizTe3, have been 
made using annealed powders and etched rods cut from single-crystal ingots. Previously reported 
anomalies in the X-ray powder intensity data are found to originate entirely in preferred 


orientation of the crystallites. 


A study of the thermal expansion of the unit cell over the temperature range —195 to 400° C 
has revealed a marked anisotropy between the axial expansion coefficients, that for the c axis 


(22-2 « 10°° per °C at 20° C) being almost twice that for the a axis (12:9 x 107°). 


Near 


200° C changes occur in both the principal axial expansions, comparable with those observed at 
low temperatures in certain hexagonal metal structures. 


A great deal of interest has been focused on bismuth 
telluride (Bi,Te3) in recent years because of its potential 
value in thermoelectric applications.“ Crystallographic 
data for this compound were originally published by Lange™ 
who described the structure as rhombohedral with the space 
group D3 4 (R3m), and structure-cell parameters 


ap = 10:45 A, a = 24°.8’ 


The structure consists of layers of atoms stacked in the 
rhombohedral [111] direction in approximately cubic close 
packing. The sequence of layers is 


Bi-fe—Bi-Te—Te—Bi-Te-Bi-Te—— — 


A striking feature of single crystals is the ease with which 
they can be cleaved and bent along the basal (0001) planes 
(referred to hexagonal axes). It has been suggested by 
Drabble and Goodman®) that the bonding between Bi-Te 
layers is predominantly homopolar in character, while that 
between Te-Te layers is of the van der Waals type, and that 
cleavage occurs between the weakly bonded Te layers. 

In a previous communication from these laboratories” 
significant differences were reported for the structure-cell 
dimensions of single-crystal samples of bismuth telluride 
prepared by different methods. It therefore seemed desirable 
to measure the lattice dimensions of stoichiometric bismuth 
telluride with high accuracy, so that the influence of possible 
variations of composition on electrical characteristics could 
be appraised. This paper presents the results of such measure- 
ments made on annealed powders and etched single crystals. 
The X-ray studies have also been extended to cover a range 


* G.E.C. Communication No. 780. 
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of temperatures, and thermal expansion data are given for 
the range —195 to 400° C. 


EXPERIMENTAL 


The X-ray studies were carried out on powdered and 
single-crystal material obtained from zone-melted ingots, 
prepared from zone-refined bismuth and tellurium. This 
material was prepared by Mr. A. R. Sheard as part of the 
general programme on thermoelectric materials in the Solid 
Physics Laboratory. Because of the softness and cleavage 
properties of bismuth telluride, special precautions had to 
be taken to obtain diffraction lines and reflexions with high 
definition suitable for accurate measurement. All powder 
specimens were annealed in evacuated, sealed, vitreous silica 
tubes for four to six days at 425°C, while single-crystal 
fragments were etched in a 1:1 mixture of HNO; and 
distilled water to remove the strained surfaces. 

The X-ray powder photographs were taken, with specimens 
held in thin-walled silica. tubes, using a 19cm Unicam 
camera and nickel-filtered copper radiation. Measurements 
of the hexagonal c parameter were also made separately, 
using long, thin, rod-shaped crystals cut parallel to the basal 
(0001) cleavage planes and mounted in the same 19cm 
powder camera. Diffraction-line intensities were determined 
with the aid of a manually-operated microdensitometer, 
supplementary observations being made on loosely-packed 
flat powder samples with a Philips high-angle diffractometer. 

For the high-temperature studies a 19 cm Unicam high- 
temperature powder camera was used. Low-temperature 
measurements were made by employing a modified 19 cm 
Unicam powder camera with the liquid- and gas-cooling 
techniques described previously in the literature.© © 
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X-RAY STUDIES AT ROOM TEMPERATURE 


Single-crystal rotation photographs obtained with the 19 cm 
powder camera enabled zero and _ first-order layer-line 
reflexions with indices of the type 0,0,/ and 1,0,/ to be 
recorded. These were used to calculate the c parameter and, 
‘by direct comparison, to index many of the diffraction lines 
in X-ray powder photographs of annealed powders. Unfor- 
tunately it was not found possible to adopt similar methods 
to determine the a parameter, because of the difficulty in 
cutting single crystals of suitable shape. Interplanar spacing 
data and peak intensities obtained with powdered samples are 
given in the table. 


Final determinations of the hexagonal unit-cell dimensions 
were made from the powder photographs, using the extra- 
polation method of Thewlis,“®) which gave 

a = 43835 + 0-0005 A, c = 30-487 + 0-001A 
The rhombohedral unit-cell dimensions calculated from 


these are : 
ar = 10-473 A, «a = 24° 9’ 32” 


THERMAL EXPANSION MEASUREMENTS 


The variations of hexagonal a and c parameters with 
temperature are shown graphically in Fig. 1(a) and (5) 


X-ray powder difraction data for bismuth telluride 


(19 cm camera and diffractometer, Cu Ka radiation) 


hkl* d(A) I hkl 
006 5:09 20 I0823 

101 3:78 8 306 
105 Siz. 100 PERU EIIE) 
108 2°694 5 Lite 21 
1,0, 10 2°378 55 2, 0, 20 
1,0, 11 2°237 11 1,0, 25 
110 2g 35 PEAS ANG 
1, 0, 26 
113 2:144 4 on 7 

0,0, 15 2-032 40 220 
116 2:014 8 2,0, 23 
TOSS 1-995 6 3,0, 15 
1,0, 14 1-890 3 1, 0, 28 
205 1-810 20 2a lon) 
1,0, 16 1-703 8 33155 
0, 0, 18 1-694 5 2,.0;25 
2,0, 10 1-610 16 0, 0, 30 
2,0, 11 1-567 3 3, 0, 18 
1 ete sy 1-489 2S 2, 0, 26 
2;.0, 13 1-476 2 BE VL.O 
0, 0, 21 1-452 6 Sebeeil 
121 1-434 2 Mss P28) 
1, 0, 20 1-415 12 DDN) 
215 1-398 13 3/0521 
2, 0, 16 1-345 2 1,0, 31 
1,1, 18 1-340 3 2, 0, 28 
25-1510 1 +299 10 4,0, 5 
PEA RAIAL 1-274 2 Deleon S 
3, 0,0 1-265 5 OMe 


* The Akl indices are referred to the hexagonal structure cell. 


There is a marked tendency for the relative line intensities 
to be influenced by preferred orientation effects, particularly 
with diffractometer measurements. The effect is more pro- 
nounced in tightly packed specimens and leads to anomalies 
in the intensities of the diffraction lines with high ‘‘/’’ indices. 
This fact would appear to explain the diffraction-peak 
intensity variations found by Vasenin and Konovalov™) in 
their diffractometer studies of sintered powder blocks, and 
which were interpreted as evidence for the coexistence of 
thombohedral and hexagonal polymorphic structures in 
bismuth telluride. The inconsistencies occurring between 
powder photograph diffraction-line intensities and those 
measured with the diffractometer are found to be very small, 
providing that the powders are loosely packed either in the 
vitreous silica tubes or plate holders. 
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d(A) I hkl d(A) 
1-252 3 1,1, 30 0-9218 6 
3,27 ; 
1-228 D 4:24. 26 0-9078 3 
1-225 2 4,0,10 0-9060 2 
aQue 5 2,221 0:8748 2 
1-189 5 2, 0, 31 0-8730 2 
1-161 6 12,28 0-8672 2 
1-146 2 1233.20) 0: 8663 3 
1-120 4 37255 0-8623 4 
1-0955 3 0, 2, 32 0-8513 4 
1-0865 1 328 0-8490 4 
1-0750 6 2,3, 10 0-8378 4 
1-0463 2 332; 11 0-8310 1 
1-0452 6 410 0-8280 5 
1-0380 4 138523 0:8245 2 
1-0260 3 416 0-8175 1 
1:0163 2D 2S 0-8113 3 
1-0135 2 4, 0, 20 0-8058 3 
0-9970 2 375 25 0-7970 4 
0:9953 6 DA ae 0-7935 1 
0:9848 2 2, 3, 16 0-7922 4 
0:9735 2 0, 2, 35 0-7915 1 
0:9648 5 Lees 6 0-7900 3 
0-9538 3 Qe 227 0-7865 1 
0:9517 4 1, 0, 38 06-7849 2 
; 32.) ef 0-7835 2 
0:9445 D es 
0-9377 4 
0-9290 5 
0:9240 2 
442 308 
] 
ee TAN S307 
5 439) a 
® S30: 
= 438 r= 
rs 437 ‘g 304 
-200 O 200 «400.— 200 O 200. 400 
Temperature(°C) Temperature (°C) 
(9) (b) 
Fig. 1. Temperature variation of lattice parameters of 
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bismuth telluride 
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respectively. Values of c/a axial ratio and unit-cell volume 
have been derived from these curves, and are plotted against 
temperature in Fig. 2. The coefficients of expansion at 
different temperatures T along the two principal axes were 
also calculated, using the expressions 


“T5499, — Aaldrlar 


“Too = (de/dt)r/cr 


2 
(os) 


Se 
DW 


Hexagonal unit-cell volume (A)3 


-200 e) 200 
east clue (Cc) 
a 


400 -200 O O 


Temperature (°C) 
(b) 


400 


Fig. 2. Temperature variation of axial ratio and volume 
of structure cell of bismuth telluride 
25 35 
20 30 
SS 
ap 25 
Oo 
O ie) 
Ba _ | tt aa 1 x 20 
ve) & 
85 S15 
2a oe 
Oo fe) 
200 le) 200, 400 -200 ©) 200. +400 
Temperature (°C) Temperature (°C) 
(a) (b). 
Fig. 3. Temperature variation of axial expansion 


coefficients of bismuth telluride 


The temperature derivatives of the values of a and c¢ at 
different temperatures were obtained from Fig. 1. Plots of 
the coefficients against temperature are shown in Fig. 3. 


Structure-cell data and expansion coefficients of bismuth telluride 


SUMMARY AND CONCLUSIONS 


By using etched single crystals and annealed powders, the 
unit structure cell dimensions of pure bismuth telluride have — 
been re-determined to a high order of accuracy. These 
accurate values should provide a standard of reference for 
appraising the purity and homogeneity of bismuth telluride 
crystals intended for thermoelectric applications. 

The suggestion, based on anomalies in X-ray intensity 
data, that bismuth telluride can possess rhombohedral and 
hexagonal polymorphic forms, is not confirmed. It is shown 
that preferential orientation arrangements of the plate-like 
crystals in the samples examined probably account for the 
intensity variations previously reported. 

A marked anisotropy is shown in the thermal expansion 
of bismuth telluride, the values of the coefficients at 20° C 
for the a and c axial directions being respectively 12-9 and 
22-2 x 10~© per °C. Anomalous changes are found in the 
coefficients as the temperature rises above 200°C. Thus 
while the expansion rate in the a direction increases above 
this temperature, that in the c direction first reaches a maxi- 
mum and then decreases. This behaviour is consistent with 
the observed anisotropy in mechanical strength, and is 
similar to that displayed at lower temperatures by certain 
hexagonal metal structures such as zinc and cadmium. 
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NOTES AND NEWS 


Correspondence 


A note on the paper ‘‘The oxidation of evaporated barium 
films (getters)? 


A recent paper by R. N. Bloomer“) has dealt with the 
kinetics of the oxidation of barium in oxygen, and it has been 
shown that there exists a critical temperature below which 
the oxide film is protective and above which the barium 
oxidizes to completion. It is concluded that the results are in 
accord with Mott’s theory of oxidation, the critical tem- 
perature being identified with that calculated by Mott as 
T. = W/32k 
the oxidation being regarded as ceasing when the rate of 
growth of the oxide layer has fallen to 10~!° cm/s. (W is the 
sum of the heat of solution of the metal ion and the activation 
energy for diffusion; k is the Boltzmann constant.) 
VoL. 9, OcTOBER 1958 
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It is implicit in Bloomer’s paper though perhaps insuffi- 
ciently emphasized that the conclusions drawn from the 
experimental results are only valid when the thickness of the 
oxide film formed by the total oxidation of the barium getter 
is still within the ‘‘thin film” region of Mott. 

Bloomer states that “‘above the critical temperature, the 
capacity will be limited only by the thickness of barium 
deposited when the getter is fired.” Whilst oxidation of the 
whole of the metal is consistent with the Mott theory for the 
thin films which Bloomer has in mind, it should not be 
inferred from the theory that the oxide film on a layer of 
‘massive’ barium can similarly continue to increase in 
thickness until all the metal has been consumed. At tem- 
peratures greater than 7, the fairly rapid rate of growth 
will pass over into the ‘‘thin film’? mechanism where the rate 
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of diffusion of the metal ions through the film is proportional 
to the electrostatic field across it so that the film will thicken 
according to the parabolic law. Since the theory only applies 
to regions of film thickness where the concentrations of metal 
ions and electrons can become unequal without the setting 
up of a space charge, it cannot be argued that an indefinite 
thickening of the oxide layer is a consequence of the Mott 
theory. As space charge effects become appreciable, the 
oxide film can be expected to thicken from the thin film 
region into that described by the Wagner) theory of parabotic 
oxidation; however, it may happen in practice that when the 
film has grown to some particular thickness, the rate of 
oxidation falls off to a negligible value. This is illustrated by 
the oxidation of aluminium in oxygen for which Bloomer 
quotes a value of 7, thus implying that above this temperature 
the metal will oxidize indefinitely. That this does not occur 
is shown by the work of Smeltzer who stresses that oxida- 
tion virtually ceases at elevated temperatures. 

An alternative explanation of the non-protective oxidation 
of barium at temperatures greater than 7, is suggested by 
reference to the oxidation behaviour of two other alkaline 
earth metals, magnesium and calcium. When magnesium is 
oxidized in dry oxygen at temperatures below about 450° C 
it follows an approximate parabolic law©) whereas above 
this temperature the oxidation is no longer protective and 
the metal oxidizes until it is all consumed. 7) With calcium 
the kinetics of the oxidation have not been investigated in 
such detail, but the general features are analogous: thus the 
metal oxidizes to completion in dry oxygen at temperatures 
of 300°C and above and, like magnesium, does so at a 
constant rate.) The transition temperature corresponding 
to the change from protective to non-protective oxidation 
has not been determined but it must lie between room 
temperature and 300° C. 

It would seem that the transition temperature is determined 
by the physical properties of the oxide film in that at tem- 
peratures above it the oxide film develops cracks and becomes 
porous to oxygen gas. Leontis and Rhines suppose that 
the magnesium oxide film spontaneously ruptures when some 
critical thickness is reached so that reaction then takes place 
at the metal surface between magnesium and oxygen gas to 
give a non-adherent oxide product. Alternatively, a thin 
uncracked layer of oxide may remain next to the metal 
through which the metal ions must diffuse before reacting. 
If the thin layer of oxide remains of an effective constant 
thickness because growth and cracking proceed at equal and 
opposite rates, oxidation will take place at a constant rate.” 
Either of these mechanisms will explain the linear oxidation 
observed for magnesium and calcium but evidence we have 
recently accumulated in these laboratories indicates that the 
latter is the more likely. 

It seems probable that the cracks are formed by a re- 
crystallization mechanism, and support for this concept is 
provided by an examination of the kinetic data relating to 
the very early stages of the oxidation, full details of which 
will be published elsewhere. That the oxide scale formed on 
magnesium is highly porous has been shown by specific 
surface measurements.“!9) We know of no work which 
enables an estimate of T, to be made for the oxidation of 
either calcium or magnesium in oxygen. 

It is possible that a similar mechanism of film récrystallizas 
tion operates in the case of barium at temperatures greater 
than 40° C. Bloomer has shown that the oxidation curves 
at temperatures below 40° C follow the temperature depen- 
dence predicted by the Mott theory (see Fig. 5 of Bloomer’s 
paper) so that the value 40° C can in fact be identified with dis: 
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‘linear rate thus predicted has been observed for barium 
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Above 40° C, then, the barium oxide film might be expected 
to thicken according to a parabolic law and even possibly to 
reach a limiting thickness (compare magnesium at tem- 
peratures below about 450° C), but instead the conversion to 
oxide is complete. What probably in fact happens is that 
the barium first oxidizes according to the thin film mechanism, 
but when the film has grown to a particular thickness it 
recrystallizes in the manner already explained, so that the 
film through which the barium ions now have to diffuse is 
thinner and remains of an effective constant thickness. The 


oxidized in moist oxygen,“') but unfortunately there is no 
similar data for the oxidation in dry oxygen. 

Thus the oxidation of barium appears to present the 
interesting case where the transition temperature and the 
critical temperature happen to coincide. 

S. J. GREGG and 
W. B. JEPSON 
[14 May, 1958] 


Department of Chemistry, 

The University of Exeter, 

The Washington Singer Laboratories, 
Prince of Wales Road, 

Bxeter 
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Thanks are due to Drs. Gregg and Jepson for pointing out | 
that in this paper it is not sufficiently emphasized that the 
conclusions which may be drawn from the experimental | 
results are valid only for oxide films which are within the | 
“thin film’ range of Mott. It is regretted that it was wrong- | 
fully thought unnecessary to emphasize this, once reference | 
had been made to the papers by Mott and his co-workers. - 
Care was taken, of course, to confine the experimental | 
testing within the prescribed bounds of the theory, which are 

set at film thicknesses of a few hundred Angstrom units. 

(See, for example, the paper by Cabrera and Mott,” p. 176.) 

Therefore, in making some deductions from the Mott theory 

relevant to the experimental studies it was correct to state 

that above the critical temperature the capacity (oxide film 

thickness) will be limited by the thickness of barium deposited 

when the getter is fired. 

Some of the misunderstanding of the paper arises from 
the different use of the word “‘indefinitely” by Gregg and 
Jepson and myself. Above the critical temperature no limit 
to growth is defined by deductions from the Mott theory, in 
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particular from equation (1) of Appendix 1 to the paper, 
although the theory as a whole is valid only when the 
assumption about the absence of space charge is true). In 
other words, according to the Mott theory, the growth of 
oxide is indefinite. Thus, in his paper,‘?) Mott uses the words 
“for temperatures above this, (the critical temperature) 
zrowth continues indefinitely.” The argument which Gregg 
and Jepson disallow in their third paragraph must, on the 
contrary, be upheld when “‘indefinitely’” has this meaning. 
Gregg and Jepson use “‘indefinitely” differently, as a synonym 
for “endlessly.” 

Furthermore, there is danger of confusion because the 

word “protective” us used to describe films of very different 
thicknesses. In their opening sentence Gregg and Jepson 
use the word, in\the same way as it was used in the criticized 
paper, to describe.oxide layers, about 50 A thick, whose rate 
of growth has fallen to some low, arbitrarily selected, value. 
But elsewhere, Gregg and Jepson must use the word to 
describe a property of films so thick as to be outside the 
prescribed bounds of the Mott theory discussed and tested 
in the criticized paper. Otherwise, their final conclusion— 
that the transition temperature (defined by Gregg and Jepson 
as that “‘corresponding to the change from protective to 
non-protective oxidation’?) and the critical temperature 
(defined in equation (1) of the criticized paper) happen to 
coincide in the case of barium—cannot be avoided in the 
cases of all those other metals upon which oxide layers grow 
at a rapidly decreasing rate as the thickness increases beyond 
about 50 A (the greatest thickness for electron transfer by 
quantum mechanical tunnel effect). 
_ As commentary upon the note by Gregg and Jepson it 
must be pointed out that since it is implicit in the paper that 
the conclusions to be deduced from the experimental results 
with the barium films are valid only within the prescribed 
limits of the Mott theory, then the quotation therein of the 
critical temperature for any metal cannot be treated as an 
implication of endless growth of oxide at higher temperatures, 
although the extent of growth is indefinite in the theory. 

Finally, Gregg and Jepson state that an alternative explana- 
tion of the non-protective oxidation of barium at tempera- 
tures greater than the critical temperature is suggested by 
reference to the oxidation behaviour of magnesium and 
calcium, for which metals the critical temperature is 
apparently not known. The evidence adduced is obtained 
from studies with oxide films much thicker than those for 
which the Mott theory is relevant. The suggestion that it is 
possible that a mechanism of film recrystallization operates 
in the case of barium at temperatures above 40° C is based 
on the assumption that since the thin barium films used in 
the work with getters did oxidize right through then much 
thicker films would have done so as well. Hence the con- 
slusion that the critical and transition temperatures coincide 
for barium is reached through the inference that Gregg and 
Jepson rightly condemn in their third paragraph. The con- 
slusion reached by this wrong inference might be right or 
wrong. Judgement can be made only after appeal to other 
theories and experimental results outside the scope of the 
work with barium films. 


R. N. BLOOMER 
[23 May, 1958] 


Research Laboratory, 
Associated Electrical Industries Ltd. 
Aldermaston, Berks. 
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Selected area microdiffraction in the electron microscope 


Selected area microdiffraction is being increasingly used as 
an adjunct to studies in the electron microscope. In order 
to record exactly the part of the specimen giving rise to the 
diffraction pattern, it is necessary to photograph the specimen 
with the selector aperture in position. Such a photograph 
may be almost meaningless unless a survey micrograph is 
also recorded to show the relation of the selected area to the 
rest of the specimen. The necessity to make two photo- 
graphs may be avoided very simply by the following pro- 
cedure: 


(1) record the diffraction pattern from the required area; 


(2) adjust the strength of the intermediate lens to produce 
an image of the selected area and focus it; 


(3) adjust the intensity of the illumination so that a five 
to six second exposure is required; 


(4) open the shutter to expose the plate; 


(5) after one to two seconds withdraw the selector 
aperture; 


wa 


(6) close the shutter after the full exposure time of five to 
to six seconds. 


The resulting micrograph will be as shown in the figure, 
with the required information on one plate. It has been 
found that the selector aperture can be withdrawn quickly 


Dispersion of face powder. Light circle shows area 
selected for microdiffraction. (8000) 


enough to avoid streaks on the picture without causing 
vibration which would reduce the quality of the micrograph. 

Strictly speaking, the area selected for diffraction can only 
be reproduced with accuracy at one magnification, namely 
that at which the image plane of the intermediate lens coin- 
cides with the plane of the selector aperture. At other 
settings of the intermediate lens the selected area shown on 
the micrograph will be only approximately correct. When a 
low magnification survey picture of the region around the 
selected area is required, however, the inaccuracy in the 
selected area shown will generally be unimportant. 


Aeon Laboratories, A. W. AGAR 


Beech Hill, [13 May, 1958] 
Englefield Green, 
Surrey. 
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Proceedings of the Royal Institution 

The Friday evening discourses given at the Royal 
Institution of Great Britain in the heart of London are well 
known to most of our readers as understandable yet 
authoritative accounts by specialists of recent advances in a 
wide field of learning. These discourses, concerned mainly 
with scientific subjects, are published in the Proceedings 
which have appeared annually. In future the Proceedings 
will appear three times a year at a charge of 8s. 6d. a part 
or 21s. p.a., commencing January next. The first of the 
new series contains the following discourses: Sir Lawrence 
Bragg on “Gemstones,” Mr. John M. Allegro on “The 
Dead Sea Scrolls,’ Dr. L. Radzinowicz on “Changing 
attitudes towards crime and the devices used to combat it,” 
Professor W. R. Hawthorne on “Aero-thermodynamics,”’ 
Professor C. D. Darlington on “The control of evolution in 
man” and Professor R. J. Pumphrey on “Hearing in man 
and animals.” 

Orders for these Proceedings should be sent to the Royal 
Institution, 21 Albemarle Street, London, W.1. 


User-specification for sealed X-ray tubes for use in X-ray 
diffraction 
The X-ray Analysis Group of the Institute of Physics 
announces that a panel of its Equipment Sub-Committee 
has completed the preparation of a user-specification dealing 
with the design of sealed X-ray tubes for use in X-ray diffrac- 
tion and similar applications. Copies of this specification 
may be had by anyone interested on application to the 
Honorary Secretary of the Equipment Sub-Committee of 
the X-ray Analysis Group, Dr. E. G. Steward, Research 
Laboratories of The General Electric Co. Ltd., Wembley, 
Middlesex. 


British Nuclear Energy Conference: lecture symposium on the 
Geneva conference. 

To help scientists and engineers to assimilate the large 
amount of material (over 2000 papers) produced for the 
second International conference on the peaceful uses of 
atomic energy (Geneva, I|—13th September 1958), the British 
Nuclear Energy Conference (of which the Institute of Physics 
is a constituent body) has planned a one-day lecture sym- 
posium to take place on Thursday, 11 March, 1959. 

For the purpose of the symposium, the Geneva conference 
papers will be classified into 6 or 7 groups, and leading 
experts in each field will attempt to highlight the most 
important aspects of the new information. 

The lectures will be printed in the April 1959 issue of the 
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comments 


Journal of the British Nuclear Energy Conference and further 
details will be announced in due course. 
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The relationship between surface texture and rolling resistance 
of steel 
By J. HALLING, B.Sc.(Eng.), Mechanical Engineering Department, University of Liverpool 


[Paper first received 3 April, and in final form \ July, 1958] 


The paper describes two series of experiments which were designed to investigate the relationship 
between the surface texture of ground mild steel surfaces and the resistance to rolling of hard 
steel rollers on these surfaces. In the first series of experiments the rollers were unloaded whilst 
in the second series of tests the rollers were subjected to a load range of 15-80 1b. In both 
cases it was found that the coefficient of rolling resistance increased with increasing roughness 
of the surface. By extrapolation of the results from the second series of tests, agreement with 
the results of the first series was obtained. The coefficient of rolling resistance was found to 


decrease with increasing load. 


The variation of the coefficient of rolling resistance with load is obtained in the form of an 
experimental law which is compared with the various theories of the mechanism of rolling 
resistance. 


The widespread awareness of the low resistance to motion 
exhibited by rolling elements is apparent from the extensive 
application of the phenomenon. Nevertheless, there appears 
to be very little published information giving experimental 
results which can be used to establish the probable causes 
of this type of resistance. The results from tests on ball and 
roller bearings are of little use because of the complicating 
effects of other variables such as lubricant effects and the 
existence of sliding conditions between the rolling elements 
and their cages and races. This paper describes some experi- 
ments designed to establish the degree of dependence of pure 
rolling resistance on the surface texture of machined surfaces. 
The tests here reported were carried out using rollers rather 
than balls since it is probable that with line contact the 
conditions of pure rolling are most nearly attained. | 


THE NATURE OF ROLLING RESISTANCE 


The earliest attempt to describe the nature of rolling 
resistance appears to be due to Leonardo da Vinci (1452- 
1519). He stated that: “‘This kind of friction is caused, not 

by rubbing, but by contact in what might be described as 
progress by infinitely small steps.” 

The first experimental investigation of the phenomenon is 
credited to Coulomb (1736-1806) who obtained the resistance 
to motion of rollers of lignum vitae and elm resting on oak 
supports. He found that the resistance was directly pro- 
portional to the load and was inversely proportional to the 
radius of the roller. Subsequent experiments by Morrin on 
the resistance of wagons moving along roads appeared to 
confirm Coulomb’s results. 

(1) Interfacial slip theories. Towards the end of the last 
century this problem was studied both experimentally and 
analytically by Reynolds.) He introduced the concept of 
zones of sticking and sliding inside the contact area between 
the roller and the surface. These sliding regions on either 
side of a central region of sticking are then assumed to be 
responsible for the resistance to motion. 

Recently several mathematical relationships have been 
developed to deal with the resistance to rolling from the 
standpoint of the sliding zones originally postulated by 
Reynolds. Glagolev™ has considered three possibilities for 
the condition of sliding in the contact zone: (a) Forward and 
rearward areas of sliding bounding a central region of 
sticking; (b) sliding over the whole of the contact zone which 
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is assumed to be a limiting condition; (c) one zone of sliding 
combined with one zone of sticking, which is not supported 


-by the mathematical solution. 


Another solution for this problem was developed by 
Foppl® and later modified by Heinrick to satisfy the 
contact conditions postulated by Hertz.) In this solution 
the slipping is assumed to occur over a single rearward area 
of the contact zone. An alternative solution for the same 
contact conditions has also been produced by Poritsky.© 

These solutions may all be represented by the following 
equation for a cylinder rolling along a plane surface: 


= pr 2 Cy (1) 


A = coefficient of rolling resistance 
42 = coefficient of sliding friction 
R = radius of the cylinder 
2a = width of the contact zone 
2a = width of the zone of sticking. 


where 


I 


For a cylinder subjected to a normal load P and a torque M 
A= MP. OR/P (2) 


where Q is the tangential traction in the contact zone. The 
coefficient A may be given the physical significance shown in 
Fig. | where the normal reaction P is supposed to act at a 
distance A from the axis of rotation. 


The representation of the coefficient of rolling 
resistance 
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(2) Molecular adhesion theory. Tomlinson”) carried out 
careful experiments on the rolling of metal cylinders at light 
loads and explained his results on the assumption that the 
resistance was due to molecular adhesion between the 
surfaces arising from interfacial forces. Thus he concluded 
that both sliding and rolling friction are manifestations of the 
same phenomenon and may be simply related one to the 
other. 

For a cylinder rolling along a plane surface his theoretical 
equation may be expressed as: 


A = 3Rep/4a (3) 


where p, A, R and a have the same meaning as before and 
e represents the mean molecular spacing, 1.e. lattice constant, 
for the material of the plane and the roller. 

Substituting the value of a (Prescott) yields the equation 
for the coefficient of rolling resistance: 


Bre ae Slee, mE 
, ae - Ass 4 
A g Ree VPN eS Ei (4) 


(3) The surface irregularities theory. Another possible 
cause of the resistance to rolling has been suggested by 
Bikerman.® He postulates that the resistance to motion is 
due to the requirements for the rolling element to surmount 
the irregularities which are present on any machined surface. 
The inclined plate method was used to determine the 
resistance to motion of steel balls rolling along steel plates 
having a variety of surface textures. If fh is the average 
height of the surface irregularities and 6 is the angle of 
inclination necessary to either initiate, or arrest, motion then: 


h = ROU — cos 8) (5) 


and A= Rtan@ ; (6) 
The values of fA predicted using equation (5) showed an 
approximate correlation with the values of 4 as measured by 
a stylus type of surface texture instrument. 

(4) The hysteresis theory. In view of the forward com- 
pression and rearward expansion of the material as motion 
proceeds the possible contribution of hysteresis losses to the 
overall resistance has been suggested by Palmegren,“!® and 
Allan." This effect has been investigated experimentally 
by Tabor !?: !3) for the case of steel balls rolling along rubber 
sheets having differing hysteresis properties. The results 
show good agreement with the theoretical predictions on the 
assumption that the resistance is entirely due to hysteresis 
effects. It is possible that the large magnitude of the 
hysteresis losses for rubber as compared with losses due to 
other causes in these tests leads to such good agreement. 
For the smaller order of magnitude of the hysteresis effects 
with metals such good correlation with theoretical predictions 
was not obtained. 


TESTS WITH UNLOADED ROLLERS 


These tests were designed to determine the effect of surface 
texture of ground steel surfaces on the resistance to rolling 
of relatively smooth rollers. 

Apparatus. The apparatus, shown in Fig. 2, was designed 
to measure accurately that inclination of the test surface 
which initiated rolling. The roller D rests on the test surface 
C which is located on the tilting table E mounted in the 
trunnions A. The pin G, which may be adjusted to any 
desired eccentricity to the axis of the drive, engaged in a 
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slot cut along the arm of the table E. A control J operates 
the eccentric pin via a 40: 1 reduction gear H, to produce 
angular displacement of the test surface. The angular 
position of the test surface was obtained from the reading of 
the dial gauge F (1 x 104 in./division) whose anvil rests 
on the table at a fixed distance from the trunnions. Two 
stops B, resting on the test surface, were used to set the | 
initial position of the roller for motion to the right and to | 
the left respectively. A traversing microscope K was used to | 
ascertain the initial movement of the roller as the inclination 
of the table was increased. 


Fig. 2. 


Apparatus used in the first test series 


Test specimens. For these tests twelve surfaces were | 
produced by surface grinding on the larger face of 
4 « 14 x Lin. steel plates. The material of the plates had 
a yield strength of approximately 25 tons/in.* and a Vickers 
diamond pyramid hardness number of 197. The finishes 
obtained by grinding ranged from 10 to 68 y in. c.l.a. (centre 
line average) as measured across the direction of machining 
by a Talysurf (by Taylor, Taylor and Hobson Ltd.), at a 
wavelength cut off setting of 0-03 in. 

A set of rollers of 4in. diameter and of lengths 4, 3, 2 
and 1 in. respectively were used. These were produced by 
grinding from a roller bearing steel having a yield strength 
in excess of 100 tons/in.2 The Vickers diamond pyramid 
hardness number was 835. The finish of all the rollers was 
better than 3 win. c.la. 

Experimental technique. The rollers, stops and test surfaces 
were cleansed by successive washing in ethylene trichloride 
vapour and acetone, followed by drying in air. The test | 
surface and stops were then located on the tilting table, the | 
roller being placed in contact with one of the stops. The — 
inclination of the table was then increased until the first — 
motion of the roller away from the stop was detected 
by observation through the microscope. On numerous | 
occasions the initial movement of the roller was exceedingly 
small, and further inclinations of the surface was necessary 
to obtain further movement of the roller. The angle of 
inclination necessary to produce motion in the opposite 
direction away from the second stop, placed about ? in. 
along the surface from the first stop, was then obtained. 

This procedure was repeated for ten positions of the stops 
at equal intervals along the length of the test surface. 

Results. The readings of the angle dial gauge for the ten 
positions along the test surface using the various lengths of 
roller are shown for two of the test surfaces in Table 1. 
The average values of the inclination for each of the twelve 
test surfaces is shown in Table 2 together with the derived 
values of the coefficient of rolling resistance obtained from 
equation (6). The value of the coefficient of rolling resistance 
is plotted to a base of the c.l.a, for each surface in Fig. 3. 
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-Table 1. Typical experimental observations for the first test series 
irface No, 2 
“Cae Direction F P 5 . Mean value 
Ga) RPmattor Dial gauge reading | x 10-4 in. “i One ass 
i To right: 43 55 -- 58 38 131 110 39 36 48 53 60 
to left 14 141 123 68 165 —44 9 91 77 67 
x Yo right; | 85 89 94 96 89 5 —19 125 54 58 62 
: to left 48 65 78 34 —9 —16 93 143 US 110 
3 To right; 48 87 64 —4 —7 30 89 91 77 120 64 
to left —| eh 66 Sil 158 16 26 90 86 94 
s To right; —13 67 93 45 51 78 65 153 93 55 62 
to left / 25 44 —5 61 18 21 50 —-23 177 170 
: | The mean value of the dial gauge reading = 62 x 10-4 in. 
irface No. 8 
on Direction Dial One oe Mean yalue 
(a) of motion ial gauge reading | * 10~4 in. 10 — 4k 
i To right; 28 195 148 98 176 209 196 35 42 133 79 
to left 34 —78 154 27 86 —95 —§83 122 104 46 
+ To right; 92 —65 214 144 30 85 135 137 83 83 77 
; to left —22 233 —37 88 Tl 24 58 87 76 19 
3 To right; 146 34 46 146 104 157 126 180 182 64 82 
to left —10 181 —7 52 127 211 25 —TI —39 —16 
a: To right; 45 30 28 AZd. 48 95 222. 24 —15 85 79 
to left 98 —64 92 95 92 57 157 57 189 129" 2 


The mean value of the dial gauge reading = 79 < 10~4 in. 


Table 2. Results derived from the first test series 


Each c.].a. value is the average of five determinations. 
(Cut-off wavelength 0-03 in.) 


Dial gauge 
reading é any 
Cla: value (win) “Sane inclination ee 
late Transverse Longitudinal 10~—4 in. (rad.) Xr 
1 10 S22) 50 0-001 60 0-000 400 
2. 16 6:4 — 62 0-001 90 0-000 498 
3 25 Wes) 75 0-002 40 0-000 600 
4 37 ED 73 0-002 35 0-000 578 
2) Pal 28 71 0-002 27 0-000 568 
6 28 8-9 ~ 80 0-002 56 0-000 640 
ah 45 12 78 0-002 50 0-000 625 
8 23 3 i 79 0-002 53 0-000 632 
9 68 14 84 0-002 70 0-000 675 
10 $5 15 84 0-002 75 0-000 688 
11 58 15 87 0-002 79 0-000 698 
{2 41 11 82 0-002 63 0-000 658 
©0008 
O:0006 
0:0004 
20 40 60 
Centre line average(u in.) 
Fig. 3. Relationship between the coefficient of rolling 


resistance and the surface texture 


Discussion of the results. In these tests the angle of 
lination which is required to initiate motion will depend 
the following factors: 
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(a) The accuracy of the initial levelling of the test surface 
which dictates the accuracy of the zero setting of the angle 
dial gauge. 

(6) The dimensional truth, i.e. flatness, of the test surface. 

(c) Those properties of the surface and roller which are 
responsible for the phenomenon of rolling resistance. 

(d) The resistance to motion created by the capillarity of 
traces of liquid on the surface. 

The method of testing which was adopted and in which 
readings were obtained for both direction of inclination at a 
number of positions along the surface minimized the effect 
of (a) and (bd). 

If the surface textures is a significant variable affecting the 
value of the rolling resistance, as is suggested by the results, 
any particular determination in these tests will be dependent 
on the position of the roller- with relation to the surface 
irregularities. Since the surface irregularities are of varying 
size and shape, randomly distributed over the surface, the 
reason for the considerable scatter of the results becomes 
accountable. Such scatter of results has been noted by 
previous investigators, and is typical of much experimental 
work on friction. A small amount of initial movement 
followed by an arrest, which was often observed, could also 
be accountable to the size and disposition of the irregularities. 

The axial pressure distribution is not uniform due to the 
lateral displacement of material at the extremities of the 
roller. From the results, however, the length of the roller 
does not appear to be significant so that these effects have 
been discounted. 

Deformation of the surfaces. For aroller of length / in. and 
radius R in. resting on a plane surface, the maximum vertical 
elastic deformation 6 in., due to an applied load of P Jb, is 
given by Féppl (Allan), p. 147) as: 


2 P LER 
a) aa! °)5(1 207 + log, ? (7) 
In these tests the value of 5 is found to be 0:03 win. For 
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the same conditions the maximum stress in the contact zone 
is given by Prescott“): 


is | P.E epeP a 
PMs Ng OER = Cee een : 
which gives a value for p,,,, Of 0°501 tons/in.2 For these 


values of 6 and p,,,, the surfaces of the contacting bodies 
are assumed to be ideal. The existence of surface irregu- 
larities, and consequently smaller real areas of contact, will 
result in considerably higher values for the deformation and 
contact stresses. Indeed, it is probable that some plastic 
deformation of the tips of the irregularities occurs although 
such deformation was not detectable in stylus records of the 
surface before and after the tests. 

The effects of capillarity. To check the possible effect of 
capillarity a separate test series was carried out with the 
apparatus inside a sealed cabinet containing trays of silica 
gel drying agent. The control / (Fig. 2) protruded through a 
greased felt seal. The roller and angle dial could be observed 
through a Perspex panel, the microscope being mounted 
externally. 

The tests were conducted after sealing the cabinet and 
allowing to dry out overnight. The results from such tests 
on two of the test surfaces were not significantly different 
from the results obtained for the previous tests. 


TESTS WITH LOADED ROLLERS 


The tests already reported were extended in this section 
by the development of a technique which enabled normal 
loads to be applied to the rollers. 

Apparatus. The apparatus!» is shown diagrammatically 
in Fig. 4 and a general view is shown in Fig. 5. The com- 
pression system consists essentially of three blocks, A, B 
and C, which are separated by pairs of identical rollers D 


er 
A\ n 
oe) 
V 
ay 
m 


A 


Fig. 4. Rolling friction machine 

resting between similar test plates E. The system is loaded 
by the nut and screw G, the rotation of the screw being 
prevented by a pin located in a slot cut along the length of 
the screw. The upper and lower blocks are constrained by 
the end plates F such that they have no lateral movement. 
The central block B has limited lateral freedom by virtue of 
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the two pairs of rollers. Alignment of the applied load | 
achieved by locating the compression system between ba 
and cone seatings situated at the centre of the loading bea 
H and at the base of the lower block C. The applied load | 
indicated by the dial gauge which is attached to, and indicat 
the deflection of the loading beam H by means of t 
extensions K. 

The compression system is pivoted at L, the angle c 
inclination being adjusted by the screw M. The angle c 


a 


Fig. 5. Photograph of the apparatus shown in Fig. 4 


inclination is computed from the reading of the second diz 
gauge (1 x 10 3in./division). The position of the roller 
must be such that they are equally disposed on each side 
the loading axis and with their axes parallel. This conditio 
is ensured by the use of setting gauges (not shown) which a: 
located by two plates which are indexed by the two pins / 

Test specimens. Test specimens similar to those previous’ 
described were used in these tests. It was necessary { 
produce these specimens in sets of four, i.e. four plates ar 
four rollers. The plates in each group had similar c.l.: 
values; the average values for each group are shown 3 
Table 3. 


Table 3. Values of surface texture for the test surfaces use 


in the second test series 
(Cut-off wave length 0-03 in.) 


Direction of 
measurement of = oe : 
c.La. value Group A Group B Group C Group D Group F 


Longitudinal 1425 ar, 7:8 6-9 4-9 
Transverse 59 43 Df 15 16" | 


Average c.l.a. value for group (v. in.) 


Experimental technique. The rollers, plates and settin 
gauges were cleansed by the method described previous! 
and the apparatus was assembled with the rollers correct 
located by the setting gauges. The central block B was the 
released and oscillated ten times over its full traverse (abou 
+in.). This procedure was adopted to ensure that th 
surface irregularities were plastically deformed befo 
measurements of the resistance to motion were made. | 
was found that five readings of the inclination necessary t 
initiate motion of the central block gave a repeatable averagi 
value. Similar determinations were obtained for a series © 
loads up to 80 lb and at each load setting the central bloc 
was oscillated over its full traverse ten times before an 
measurement was attempted. Each of the sets of specime 
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lesignated in Table 3 were tested in this manner, using the 
ame set of 4 in. diameter 14 in. long rollers. 

The very limited scatter of the experimental results 
ybserved in these tests compared to that obtained previously 
s attributable to: 


(a) The averaging effect of having eight contact surfaces. 
(b) The increased resistance due to the applied loading. 


The minimum load used in these tests was 15-7 1b for each 
‘oller arising from the dead weight of those parts of the 
ypparatus which were supported by the roller. 

_ Determination of the coefficient of rolling resistance. In 
Fig. 6 the normal reaction P is assumed to be displaced 


Py 


Fig. 6. The method of determining the coefficient of 
rolling resistance in the second test series 


by a distance X from the axis of rotation for each of the 
eight contact zones. It is assumed that P and A have the 
same values in each contact zone although in fact they differ 
slightly due to the weight W of the central block and the 
weight w of the rollers. Such an assumption will produce 
the greatest errors at low loads where W is significant with 
respect to the thrust load Pr. The average load per contact 
surface is : 


P= P,/2 + W/4 + w (9) 
VION 
60 
i eee 
; r xo 2 
‘ ‘ O x 
2s c Roel AN sa 
= 40 saa ‘ | ; 3 
‘ re} 
z Less 
12} = yee + 
iy fs * , QR | . 
Ge ° N ° x 
20 + KX . ex 
tree h a ° 
. + 'o a Oo 
} 
a 
: O:000! O-0002 O:0003 
Coefficient of rolling resistance A 
Fig. 7. The variation of the coefficient of rolling resis- 


tance with load for different surfaces 5 


<x Group A, average c.l.a. 59 win. 
© Group B, average c.l.a. 43 win. 
A Group C, average c.l.a. 27 win. 
e Group D, averagec.l.a. 15 win. 
+ Group E£, averagec.l.a. 7:6 win. 


derived for ac.l.a. of 0 yw in. 
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Also 2WRsin# + 4wRsinO =8.P.2 (10) 
(W + 2w)R sin 6 
Theref A= 
erefore 2P, + W + 4w (11) 
Results. The curves of Fig. 7 show the experimental 


values of A and P obtained for the five sets of test surfaces 
described in Table 3. The curves in Fig. 7 are redrawn on 
a semi-logarithmic base in Fig. 8 which indicates an 


OO0O3 


‘ j O:0005 
Coefficient of rolling resistance -A 


Fig. 8. The relationship between log;) P and the 
coefficient of rolling resistance for different surfaces 


x Group A, average c.l.a. 59 win. 
© Group B, average c.l.a. 43 min. 
A Group C, average c.l.a. 27 mw in. 
e Group D, averagec.l.a. 15 min. 
+ Group £, averagec.l.a. 7:6 win. 


derived for a c.l.a. of O wu in. 


experimental law relating the applied load and the coefficient 
of rolling resistance of the form 


ae 


nh 


logio =) (12) 


K 


The values of K and nv in equation (12) for the several values 
of surface texture are shown in Fig. 9. Using the values of 
K and n for the ideal smooth surface obtained from Fig. 9- 


4 
OOS 20 40 re) 


Centre line average (jr in.) 
Fig. 9. The relationship between n and K and the 
surface texture 


O values of n 
x values of K 


the relationship of A with P for such a surface is shown 
dotted in Fig. 7. Furthermore, from the curves in Fig. 7 
and from equation (12) the variation of A with surface 
texture at a variety of loads are shown in Fig. 10. The 
predicted curve for an applied load of 0:06 1b is shown in 
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Fig. 10 together with the original curve obtained experi- 
mentally in the first series of tests for this load condition. 
The agreement obtained by this extrapolation of the experi- 
mental results from the second series to the conditions of the 
first series is sufficient justification for the validity of 
equation (12) over the range of loads here considered. 
Tests on the surfaces in groups A and E£ in the presence of 


0.0008 | + t ie + ia 


O:0006 


O:0004 


Coefficient of rolling resistance -» 


0:0002 


Oo 20 40 


Centre line average (pin.) 


60 


. 10. The relationship of the coefficient of rolling 
resistance with surface texture at various loads 

+ applied load 70 lb. 

A applied load 45 lb. 

e applied load 15 lb. 

x applied load 0:06 lb derived by extrapolation from 

Fig. 11. 
© applied load 0:06 lb obtained experimentally in the 
first test series. 


a lubricant showed no significant variation from the results 
already reported. 


DISCUSSION OF RESULTS 


The results of these tests show a definite dependence of 
the resistance to rolling on surface texture and it is interesting 
to compare these results in the context of the respective 
theories. 

The interfacial slip theories. An immediate similarity of 
form is apparent between the experimental equation (12) 
which may be written: 


a= (Batt ep 


BN 

real (2) 
These equations suggest that the ratio («/a) is a function of P 
and K, the latter term being dependent upon the surface 
texture, i.e. K increases with the roughness of the surfaces 
as shown in Fig. 9. Thus the degree of sticking should 
increase with increasing load and will be less, at any given 
load, for the rougher surface. Furthermore, there should 
be sticking over the whole contact zone for values of load 
such that log;) P is equal to the appropriate value of K for 
the surface and the value of A would then be zero. 

Because of the very small width of the contact zone for 
rolling bodies any slip in this zone must be in the nature of 
microslip. | Cocks,“'°) Johnson,"® Courtney-Pratt and 
Eisner“? have shown that such slip conditions yield reduced 
values of the coefficient of sliding friction. Despite this the 
values required to correlate equations (1) and (14), which 
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are shown in Fig. 11, are still impossibly small. For thi 
reason it is concluded that the interfacial slip theory canno 
explain the experimental results. 


0:0020 
x 
€ 0-0010 
Sa 
2 20 40 60 
Centre line average (1 in.) 
Fig. 11. The relationship between the apparent 


coefficient of sliding friction (4 = K/nR) and the surface 
texture 


Molecular adhesion theory. Using equation (4) and thei 
results from Fig. 7 for the ideal surface (c.l.a. zero), thi 
values of the product ew have been calculated and are; 
shown in Table 4. Although these values are reasonably 


Table 4. Values of eu for the ideal surface at various values 


of applied loads 

P (lb) Value of ev. 

Load for the ideal surface 
15 3216: x10g2 
20 3220 6102 
30 Bical eo yeo- ci) |) ea 
40 3210: x<e10i74 
50 3:0 7e< bOa 
60 2:95 < 1057 
70 2-76. 4077 


constant with increasing load they yield a larger value 
for e than would be expected if any typical value for stee! 
on steel is ascribed to p. 

The surface irregularities theories. On the basis of this 
theory the decrease in the coefficient of rolling resistance’ 
with increasing load is accountable to the plastic deformation! 
of the tips of the irregularities. The nature of this defor 
mation is illustrated by the surface records (Fig. 12) at 
various loads, due to a roller moving along the surface. For} 
the range of loading employed in these tests the first two’ 
records are of interest. The actual deformation of the tips 
of the irregularities becomes more apparent by considering 
the shape of the bearing area curves shown in Fig. 13, where! 
the deformation is indicated by the flattening of the portion’ 
AB of this curve after the first loading. These small changes 
in magnitude of the irregularities could produce a significant 
change in A since the roller will only penetrate the depth of 
the texture to a slight degree due to its axial length, and large 
radius relative to the size of the irregularities. It is, however, 
apparent that since for the ideal surface (c.l.a. zero) ther 
still remains a finite value of the coefficient of resistance this} 
explanation cannot account for the whole of the rolling: 
resistance. 

Hysteresis theory. The elastic work done in rolling a 
given distance will be a function of the applied load and th 
elastic deflexion. The majority of this work done in th 
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orward compression region will be recovered due to the 


earward expansion region. Any loss due to hysteresis effects - 


vill produce a resistance to motion. 

A loaded cylinder rolling a distance x along a plane will 
nap out an area /x where / is the axial length of the cylinder. 
Neglecting small end effects each element of this area will be 
ubjected to a stress p,,,, given by equation (8) and will 
mdergo a deflexion 5 given by equation (7). 


-xlO4in 


Load |Ollb — approximate width of contact band +4 


_ 


Load 230lb-approximate width of contact band; 


Load 385lb — approximate width of contact band »— 


Fig. 12. The deformed texture due to rolling at various 
values of load. The approximate width of the contact 
band at each load is also shown 


in. 


Surface depth 


20 40 60 80 


Bearing area % 


ele) 


Bearing area curves for the profiles shown in 
Fig. 12 


Load 0 Ib. 

Load 101 Ib. 
— Load 230 lb. 
Load 385 lb. 


Fig. 13. 
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Thus the elastic work done in compressing the material is 
given by: 


AR D, 
ah Ql: 


He BY RONSON. 
2 : pare 
7 (1 207 + log, P ) 


If ¢ is the hysteresis loss factor, the work done, expressed 
in terms of the coefficient of rolling resistance, may be 
equated to the energy loss as follows: 


P IER 
2 
0) (1. 207 + log, ee. 


4P Ba IER 
ee 6] SF a o)(1 207 + log, 2 


Inserting appropriate numerical values for the constants of 
these experiments and converting to a log; basis yields: 


A= 0-003. d. (P)[1 — (logy P/7:5] (14) 


If ¢ is assumed to be constant, equation (14) yields an 
increasing value of A with increasing load which is contrary 
to the experimental observations. Furthermore, if ¢ is 
assumed to increase with increasing load“) the divergence 
between equation (14) and the experimental results is even 
more apparent. Although the hysteresis loss may be a 
contributory factor in the rolling resistance it is not possible 
to correlate the results of these experiments with this factor 
alone. 


CONCLUSIONS 


It appears from the experimental results that the resistance 
to motion of steel rollers moving along steel surfaces cannot 
be attributed to any single theory of those which have been 
proposed to explain the phenomenon. The surface texture 
theory offers the simplest explanation of the phenomenon 
and is in agreement with the observed decrease in the 
coefficient of resistance with increasing load. The hysteresis _ 
theory is in all probability a further contributory factor but 
a smaller order effect than the other factors. 

The primary purpose of the investigation is fulfilled in 
that it shows a definite dependence of -the rolling resistance 
on surface texture. 
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Apparent slip between metal and rubber-covered pressure rollers 
By G. J. Parisu, B.Sc., The British Cotton Industry Research Association, Shirley Institute, Manchester, 20 


[Paper first received 3 March, and in final form 10 June, 1958] 


Measurements are described which indicate that in a roller system consisting of a metal and a 
rubber-covered roller rotating in contact under load, the metal roller always has the higher 
apparent peripheral speed whether it is driving or is driven by the rubber roller. This behaviour 
is similar to that observed when a wheel or cylinder is rolled over a stationary surface, and is 
attributed to extension of the rubber surface in the region of the nip, the extension being due 
in part to the contact pressure and in part to the presence of shear strains consequent on the 
transmission of torque through the nip. The theoretical distribution of surface strain in the 
rubber due to the contact pressure is derived, and the theoretical results are found to be in 
Some further experiments designed to measure the 
rubber extension are described. 


fair agreement with the experimental. 


It is commonly found when one pressure roller drives another 
that the driven roller has a lower peripheral speed than the 
driving roller. The peripheral speeds may be measured by 
wheels running on the rollers, but it is perhaps more usual 
to compute them from the angular velocities and the free 
circumferences of the rollers. 

It is well known that this effect is observed when the 
driving roller is of metal and the driven roller consists of a 
metal shell carrying a rubber cover, but it is perhaps less 
well known that when this system is reversed, the rubber 
driving the metal, the metal roller still has the higher 
peripheral speed. These phenomena might be described as 
slip and gain, respectively, of the driven roller, but these 
terms imply that there is a true difference in surface speed 
where the rollers are in contact, whereas in fact such a speed 
difference almost certainly does not occur. 

A close parallel to one aspect of this behaviour of rotating 
rollers is found in the behaviour observed by Tabor“) in 
experiments in which metal cylinders and spheres were rolled 
over a Stationary, flat, rubber block; a somewhat less close 
parallel to the converse aspect is provided by experiments 
on the rolling of pneumatic tyred wheels over hard surfaces. 
Tabor“) has shown that the effects observed with a metal 
cylinder rolling over rubber may be explained by an extension 
of the rubber surface in the contact region. The use of the 
term ‘‘peripheral speed” in the present instance is therefore 
inadvisable, since it cannot safely be assumed to have a 
unique meaning for a roller with an elastic cover. It is better 
to adopt the concept of ‘“‘effective rolling radius” of the 
rubber-covered roller and to express the behaviour in terms 
of variations in this radius. In the present context the 
effective rolling radius may be defined as follows: 


effective rolling radius of rubber-covered roller 
radius of metal roller 


__ angular velocity of metal roller 
angular velocity of rubber roller 
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MEASUREMENTS OF EFFECTIVE ROLLING 
RADIUS 


The experiments described in this paper were carried out 
on a small three-roller experimental calender of 16 in. 
working face. This machine is hydraulically loaded and has‘ 
a top roller of mild steel 14 in. in diameter and a bottom 
roller of chilled iron 20in. in diameter. For the present 
experiments the centre position was occupied by a rubber-: 
covered roller of 11 in. diameter, with a cover thickness of 

4 in. and a cover hardness of 71° B.S. The top roller alone 
was positively driven, so that at the upper nip the drive was 
from metal to rubber and at the lower nip from rubber te 
metal. All the experiments were carried out with the rollers 
directly in contact; that is, without any material interposed. 

The relative angular velocities of each pair of rollers were 
obtained by counting the number of revolutions made> by| 
each roller of the pair in a given time interval. For con- 
venience this time interval was made to correspond to an 
integral number of revolutions of the metal roller (A, say). 
An effective datum line is provided on each roller by a cam 
which operates a spring set, and the timing interval thus! 
starts and finishes with the operation of the spring set asso- 
ciated with roller A. At these instants the cam on the rubber-| 
covered roller (B) will not in general be in contact with its| 
spring set, and the angular separation of these. two is equi 
valent to a fractional revolution of roller B at each end of th 
timing interval. These fractional revolutions are compute 
from the times between the appropriate operation of sprin 
set A and the next operation of spring set B and the time for 
one revolution of roller B. With the apparatus used an} 
accuracy of 0-1%% was obtainable by timing over an interval 
of about one minute. 

A series of measurements, consisting of three readings ont 
each nip. was made at a number of applied loads and a 
two speeds; the results, expressed as the ratio ro/rq where Fr, 
is the free radius of the rubber-covered roller, are shown i 
Fig. 1. This ignores the effect of indentation of the rubbe 
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in the nip, which gives a radius in the plane of the roller 
axes smaller than the free radius. Measurements of indenta- 
tion have been made; the indented radius was found to be 
virtually the same at each nip and the ratio r;/rg varied from 
0-99 at a load of 100 Ib/in. to 0-98 at 500 Ib/in. However, 
since over the contact region the rubber surface must con- 
form to the surface of the metal roller, the indented radius 
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0 100 200 300 400 500 
Load per unit length of rollers (Ib/in. ) 


Fig. 1. Variation with load of effective rolling radius 
of rubber-covered roller 


Top roller speed: = 42 ft/min; - — - = 7 ft/min. 


has no unique meaning unless the position in the nip is 
specified. The variation of r; with position is as large as the 
difference between (r;),,j, and ro; for points on the edge of 
the nip the ratio (r;),/ro has the value 1-000 at 100 Ib/in. and 
1-006 at 500 Ib/in. It seems, therefore, more reasonable to 
express the measured effective rolling radii in terms of the 
free radius rather than of an indented radius of uncertain 
meaning. 

The effective rolling radius is always greater than the free 
radius, increases with load, and is larger at the lower speed. 
It is greater at the upper nip, where the metal roller drives 
the rubber, than at the lower nip; this difference can hardly 
be accounted for by the difference in diameter of the metal 
rollers, and it seems certain that there are two effects super- 
imposed at each nip. The larger of these leads to an effective 
rolling radius greater than the free radius whether the rubber- 
covered roller is driving or is driven; it is attributed to an 
extension of the rubber surface in the contact region resulting 
from the contact pressure on the nip. 

The second, smaller, effect changes sign with the drive, 
increasing the effective rolling radius when the rubber- 
covered roller is driven, and vice versa. It thus behaves as 
though it were always slip of the driven roller, but almost 
certainly it is not true slip, but is an increase or decrease of 
the primary surface extension caused by shear strains set up 
in the rubber by the transmission of torque from driving to 
driven roller. - 

__ The behaviour may then be expressed by the equation 


foi tol-a +p); 


where a represents the contribution of the contact pressure 
and f that of the shear strains. 

It will be seen from Fig. 1 that the change in r, brought 
about by a change in speed is very nearly the same-at each 
nip. This suggests that the change is primarily due to a 
change in « (probably the result of a time-effect in the rubber 
elasticity), and that £ varies little with speed. 
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It is impossible to obtain an accurate figure for the relative 
proportions of « and f at a given load. If the difference in 
metal roller diameters is ignored, « must have the same value 
at each nip, but the torque transmitted must be greater at 
the upper nip than at the lower. The main sources of power 
consumption are hysteresis losses in the rubber at each nip 
and frictional losses at the bottom roller bearings. An 
estimate of these losses (using the formula given by Evans®) 
for the determination of hysteresis loss) suggests that they 
are of roughly the same magnitude. It will be assumed 
therefore, that Ba = 28, throughout the load range, where 
the subscripts U and L indicate upper and the lower nip, 
respectively. With this assumption the values of «, By and 
8, can be determined for a given load from the data in Fig. 1. 
The values of « and of £8; are shown in Fig. 2. Wide varia- 


0 {00 200 300 400 500 
Load per unit length of rollers (Ib/in. ) 


Fig. 2. Components « and fy of effective rolling radius 
Top roller speed: ——— =42 ft/min; —-—-— = 7 ft/min. 


tions in the ratio By/B; make only small differences to the 
value of «. For example, if By = B, (negligible hysteresis 
loss) « at 7 ft/min and 400 lb/in. has a value of 0-095; if 
By = 38, its value is 0-080. 


THEORY OF SURFACE STRAIN 


Although the theory of stress distribution between bodies 
in contact has been extensively studied, little or no attention 
has been paid to the distribution of tangential strain at the 
surfaces in contact. A solution of the stress distribution 
between homogeneous elastic rollers has been given by 
Thomas and Hoersch™ for conditions of plane strain, and a 
treatment of the problem when one of the rollers is assumed 
to be perfectly hard and the other to consist of an elastic 
layer on a perfectly hard shell has been given by Hannah.©) 

In this section:of the present paper the distribution of 
surface strain will be derived from the results given by 
Thomas and Hoersch and by Hannah. That is, the solution 
will give the surface strain due only to the contact pressure 
distribution, and with the assumption that the rollers are 
stationary. Some justification is desirable for the application 
to the problem of a theoretical treatment which assumes 
stationary contacting surfaces and infinitesimal strains. In a 
recent paper) some measurements of the distribution of 
normal pressure between rotating rollers under conditions 
similar to those in the present experiments have been com- 
pared with the predictions of Hannah’s theory. The results 
were found to be in qualitative agreement, and although 
there were quantitative differences they were not attributable 
to the failure of these assumptions. They were, in fact, 
attributed to imperfect elastic properties of the rubber roller 
coverings. This effect will presumably be operative here also, 
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and probably accounts for the variation in effective rolling 
radius with roller speed. The assumption of infinitesimal 
strains, while satisfactory for the determination of normal 
pressure distribution, cannot be completely satisfactory here, 
since it includes the assumption that the roller indentation is 
negligible, whereas, as was discussed above, although the 
indentation is small it is not negligibly so. The main function 
of this theoretical investigation is to determine whether a 
surface extension of the correct order of magnitude is 
predicted. 

The present experimental conditions correspond, of 
course, to those studied by Hannah, but as no solution of 
the other case has been given it seems desirable to include it. 
Hannah’s results are given for generalized plane stress, but 
the experimental conditions correspond much more closely 
to plane strain, and the following treatment will be given 
for this condition. In view of the mathematical identity of 
plane strain and generalized plane stress solutions, the 
difference corresponds merely to the usual modifications of 


(a) (b) 


Fig. 3. Notations used by (a) Thomas and Hoersch and 
(6) Hannah. Hannah’s notation is followed here 


the elastic constants. The notations used by Thomas and 
Hoersch and by Hannah differ appreciably; the relevant 
symbols are listed below and shown in Fig. 3. Hannah’s 
notation is followed here, the bracketed symbols being used 
here only. 


Thomas and 


Hoersch Hannah 

{ axial xX (z) 
Axes normal Z y 
tangential y Se 

Tangential displacement v (u) 

f axial XG (Z,) 

Stress components aha Z (Y,) 
Modulus of rigidity be (1) 
Poisson’s ratio or n 
Young’s modulus 18; E 

Applied load per unit length of 

rollers iP Ww 
Nip width 2b 2h 
Cover thickness — b 
n/( + 9) = o 


' Homogeneous rollers. Attention will be confined to the case 
ot a perfectly hard roller in contact with a homogeneous 
elastic roller, the roller axes being parallel. The surface strain 
in the elastic roller is conveniently derived in the following 
manner. 

From Thomas and Hoersch’s equations (3), (81), and (82) 
we obtain with the appropriate changes in notation 


25 = 24) —% © 


BRITISH JOURNAL OF APPLIED PHYSICS 


430 


The surface strain is given by du/dx for y = 0, and th 
appropriate values of Z, and Y, are readily found from 
Thomas and Hoersch’s equations (73) to be 


4nW x? 1/2 

(Z,)y=0 = rh (1 >) h< eS h 
2W x2y 1/2 

CS) ee mp ( ne =) i <n 


Hence, since - =F (iH); 


(=), nr weg ar ee 2m) (1 — oe as 


-hexe 

The negative sign indicates a compressive strain. 

Thin elastic cover. It is assumed that the cover is firmly 
bonded to its underlying shell; that is, that there is no normal 
or tangential displacement at this boundary. 

A solution for the tangential strain in terms of the stress| 
function, X, in the absence of body forces is (Coker and 
Filon,™ with a slight change in notation) 

Ou 02x 


h (2) 


02X 
se2 


for conditions of generalized plane stress. | 

Using the solution for the stress function given by Hannah! 
for an isolated force on a thin elastic layer, the oe strain’ 
is given by 


as 


The values of ¢,(m) and ¢4(m) appropriate to the above con- 
ditions are given by Hannah in her equation (9); in fact 
Hannah’s value for ¢,(m) is in error, and should read 


me : I, [4,(m) + 201 — a)4(m)] cos mx.dm (3) 


Gaye ae 1 — 20 — (3 — 4c) cosh? mb 
4 am | (mb)? + (1 — 2c)? + GB — 40) cosh? mb 
The value of $,(m) is 
$\(m) = 2W/a 


These values are for conditions of generalized plane stress.: 
For plane strain o must be replaced by 7. For plane strain 
we also have 24 = E/(1 + y). For a pressure distributio 
P(x) over —h< x< Ah, equation (3) then leads to, puttin 
2mb = z and inverting the order of integration, 


oe = z(x — x’) 5 | 
vies In Eb Pl RO): al 3 EI ae (4) 


where 


R@) = 


z2 — (1 — 2y)(3 — 4n) (cosh z — 1) 
422 + 201 — 2)? + GB — 4m)(coshz + 1) 


Hannah assumes a pressure distribution of the form 


P(x) = mK P= xtheybaee »» a,c0s === we see (6) 


(5) 


an even function which makes 


P\X)s= Oat eee 
Then ; 


4a 
W = | P(@)dx = whi 4a 4 {)"—1 ” 
J Pc Lee aehe ES Fe OT One in| @) 
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Equation (4) is closely related to the integral developed 
by Hannah, and with the value of P(x) given by equation (6) 
it is readily shown that 


fp ‘ z2(x — x’) : 
os (x) cos Gx = 


2b 
J\(zh/2b) . ¢h 
= 2, ! | n 
bm} Bete (33) oe 
a,(2n — 1) cos (zh/2b) cos (2 
(zh/2by? — [Qn — 1/2 PJ °° Ga) 
where J,(€) denotes the Bessel function of the first order. 


em h[2b = K,x/h = X,Qn — 17/2 =H, (OE = FO 
an \ 


2n — 1) cos € 

Soon ue 
and inserting the value of w from equation (7), we obtain 
from (4) 

ee) 25 2W(1 + n) 

Ox/ 9 ee 8a 

Eh| 1 1)? = 
ie L FBCD (2n — oy 


n=l 


(~ 1 


= F{£) 


| R(z) [ Fx2) YS) an ( K2) | K cos KXz.dz (8) 
n=1 
0 


Condition of infinite cover thickness. Inspection of equation (8), 


remembering that z = 2mb, shows that only the term R(z) 


involves b. Further, equation (5) shows that 
R(z) > — Ui — 2n) as b> 0 
Hence, in the limit, 


ZAI 9) A 2H) 


8a, 
eh Qn — | 


1)7-! 


p 
Gs) 0,b=c00 ars | 
Eh 
i [ Fexe) aS ayF (K2)] K cos KXz.dz 
Ais n=1 
2Wil +) 
TEh 


a =U F(Kz)K cos KXz.dz (9) 
0 


since Hannah has shown that a, —> 0 for all values of n as 
b>. 
The integral in equation (9) is known®); it is 


| F(Kz) K cos KXz.dz =(1 — X*)'? -1< X<1 (10) 
0 


Hence 


ee ce % 


in agreement with the value derived from Thomas and 
Hoersch’s data and given in equation (2). 

Solution of the general equation. For the case we are 
particularly concerned with here, that is, with a rubber- 
covered roller, we have 7 = 4, and hence R(z) — 0 as z— ©. 
The solution of equation (8) can then be carried out directly 
by numerical integration for stated values of K and X. (The 
values of a, are obtained for given values of K from the 
normal displacement conditions treated by Hannah.) The 
details of this computation will be described in the next 
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section. It is desirable at this point to indicate the method 
of solution for values of 7 other than 4; since R(z) + —(1—2n) 
as z —> 00 the integral in equation (8) is only slowly convergent, 
and we follow Hannah in writing 


ie.) 
| F(Kz)K cos KXz.dz = M(X) 
haat 
ice) 
I F,(Kz)K cos KXz.dz = M,(X) A 
0 


I, [R(z) + 1 — 2n]F(Kz)K cos KXz.dz = N(K, X) 


| [R(z) + 1 — 2n]F,(Kz)K cos KXz.dz = N,(K, X) 
0 
We then have 


ou | a 8a, 
G2), -[ame+ni/-e| 4 ZCo aa] 
{N(K, X) — (1—2n)M(X) 
+.% ay[N,(K, X) — (1 — 2) M,(X)]t 


The value of M(X) has already been given [equation (10)]. 
The value of M,(X) is also known); it is 


M,(X) = [(— 1)"-!/2][sin 1 + Xb, + sin (dl — X)h_] 


The values of N(K, X) and N,(K, X) are to be determined by 
numerical integration. 


APPLICATION OF THE THEORY 


Attention will be confined to the case 7 = 4, and we note 
first that for a homogeneous roller [equation (2)] the surface 
is unstrained throughout the nip. For a roller with a finite 
cover thickness the surface strain is given by equation (8), 
which reduces with 7 = 4 to 


Qu/dx)o = BW/rEh)V(K, X) 
where 


W(K, X) = | E ne eis Or ae | 


| R(2) [ Fxz) eS) a,F (K2)] K cos KXz.dz 
n=1 

0 

R(z) = Gz?)/G4z2 +. cosh z + 1) 


The values of a, given by Hannah are for conditions of 
generalized plane stress. In a recent paper“ the present 
author has given the values of a,, a>, a3 for plane strain and 
7 = +4 for K = 0:4, 0-7, 1-0. From the values at K = 0-4, 
1-0 and from interpolated values at K = 0:2, the values of 
W'(K, X) have been computed for X = 0, 0:2, 0:4, 0-6, 0-8, 
1:0. The integration was carried out by Simpson’s rule 
with half-integral values of z up to 4 and integral values from 
4 to 10. The results are shown in Fig. 4. A few additional 
values of “’(K,0) were calculated and a plot of W(K, 0) 
against K is shown in Fig. 5. 

It may be pointed out first that the maximum value of 
W(K, X) always occurs at X¥ = 0, and from Fig. 5 it will be 
seen that this value is positive throughout the rangeO < K< 1; 
that is, the rubber surface is always stretched at the centre 
of the nip. For values of K below 0:2 (Fig. 4) the surface 
extension varies very little with X, but for larger values the 
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value of K, being determined, gives h directly and enable 


variation becomes more pronounced, and at K =1 the 
surface is in compression near the ends of the nip. 

In order to determine actual values of strain for given 
conditions of load, roller diameters, etc., it is necessary to 
determine the appropriate values of A and of K. This can 


4 


03 


0 02 04 06 08 


X 
Fig. 4. Variation of W(K, X) with X 


03 7 


0 O02 04 0-6 0:8 


K 


Fig. 5. Variation of ‘Y’(K, O) with K 


conveniently be done as follows. If a hard roller of diameter 
D, is pressed against a homogeneous elastic roller of diameter 
D, the nip width, assuming plane strain, is given by 


he = [2wWDU — yy) |\/7E 


where 2hy = nip width (K = 0) 


and 1/D = 1/D, a5 JMU DES 


Denoting by 2hx the nip width obtained with a cover of 
thickness b for the same values of W, D, and E, Hannah 


gives 
(11) 


where C,(K) is obtained from Hannah’s solution of the 
normal stress distribution. 
From equation (11) 


ho/2b = K/C\(K) 


he = hoC(K) 


(12) 


and from this relation the value of K can be obtained from 
given values of hg and b. This is conveniently carried out 
by means of a graphical plot of K/C,(K) against K; values of 
C\(K) for plane strain and 7 = 4 are given in Ref. (6). The 
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the value of ’(K, X) to be obtained for any desired value of x. 
Proceeding in this way the values of maximum strai 
(X = 0) have been calculated for the conditions obtaining i 
the experiments described above. The value of E for th 
rubber cover of the middle roller was taken as 900 Ib/in.?, 
and the strains were calculated for applied loads up t 
500 Ib/in. It was found that the greatest difference betwee 
the strains at the upper and lower nips (due to the differen 
metal roller diameters) was 3%. This is negligible an 
supports the assumption to this effect made earlier in thi 
discussion of the experimental results. | 
In Fig. 6 the theoretical maximum strains are compare 
with the values of « (the estimated contribution to r;,/ro of 


° Experimental 
o 42 ft/min 
x8 7ft /min 
= - 
s -” 
Oo 
Eee = 
So ic 
ete 
ae 
oo 
o a 
<— x< 
Fw 


400 
Load per unit length of rollers (Ib/in.) 


0) 100 200 300 


Fig. 6. Comparison of theoretical and experimental 
rubber surface extensions 


the normal loading) taken from Fig. 2. The theoretica! 
values of K are indicated along the horizontal axis, and it) 
will be seen that the maximum value of K attained in the 
experiments is about 0:4. The theoretical and experimenta? 
results are in reasonable agreement. In view of uncertainties 
in the values of «, of the simplifying theoretical assumption. 
and of the discrepancies reported elsewhere, the closeness} 
of agreement must be to some extent fortuitous. 


MEASUREMENT OF RUBBER EXTENSION 


A series of measurements has been made of changes in} 
the disposition of the rubber in the region of the nip. This} 
was done by drawing a number of radial lines on one end face} 
of the rubber roller cover and photographing them with the! 
roller free and, using flash illumination, with it rotating under 
load. The results are not of high accuracy and, because of 
the conditions under which they were obtained, they cannot| 
be expected to represent very closely the behaviour at interior 
parts of the roller. The free rubber surface at the end of the 
roller suffers appreciable axial displacement under load. This | 
displacement was found to distort the shapes of the lines 
drawn on the rubber; however, it was observed that at the! 
cylindrical roller surface the axial displacement was very 
slight. For this reason measurements were made only of the 
separations of the ends of the lines, at the cylindrical surface 
of the roller. The measurements were made at a speed of | 
7 ft/min only. | 

In all cases the changes in line separation between fs | 
free and loaded conditions were plotted as percentage exten- 
sion against position in the nip, the positions of the ends of 
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Apparent slip between metal and rubber-covered pressure rollers 


ihe nip being estimated from the photographs. The results 
are shown in Fig. 7, where the quoted loads are the average 
values for the whole length of the rollers; because of the 
axial displacement of the rubber the loads at the roller ends 
are appreciably lower than these figures. The illumination 
over one half of the lower nip at 145 Ib/in. was insufficient 
for the line positions to be measured. 

Even allowing for the appreciable errors in the individual 
points in Fig. 7, it is clearly shown that the rubber surface 
is extended, and the maximum values of extension are in 


8 


Percentage surface extension 
> 


0-4 202 0 02 0-4 
Distance from:centre line of nip (in.) 


Measured rubber surface extensions. The 


dotted lines indicate the nip edges - 


(a) Lower nip, 145 Ib/in., 7 ft/min; (6) lower nip, 315 1b/in., 
7 ft/min; (c) upper nip, 305 Ib/in., 7 ft/min. 


ig. 


‘good agreement with the measured values of effective rolling 
radius (Fig. 1). Too much significance should not be attached 
‘to this agreement in view of the remarks made above, but 
these extension measurements may be tentatively taken as 
‘supporting the view that the whole of the observed behaviour 
is due to extension of the rubber surface, and that there is a 
true difference in the extensions at the two nips. 


CONCLUSIONS 


The experiments described show that the apparent slip 
between metal and rubber-covered rollers is due, in fact, to 
extension of the rubber surface in the nip. This extension 

may be regarded as having two components, one (appreciably 
the larger in the present experiments) being due to the normal 

loading and the other being ascribed to the forces necessary 
for torque transmission through the nip. 

The theoretical treatment of the component of surface 
extension due to the normal loading gives values of maximum 
‘extension in reasonable agreement with the experimental 
results, and shows that the distribution of this strain com- 
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ponent through the nip is dependent upon the parameter 
K = h/2b, where 2h is the nip width and + is the thickness 
of the rubber cover. The theoretical results are supported 
by measurements of surface extension in showing that at 
small values of K the extension is practically uniform through- 
out the nip. Under these conditions the metal and rubber- 
covered rollers will have very nearly the same surface speed 
at each point in the nip. 

At larger values of K the situation is more complicated. 
The theoretical treatment indicates that, although the rollers 
may have the same surface speed on the centre line of the 
nip, there must be some relative movement elsewhere because 
of the non-uniformity in the rubber extension. However, the 
tendency to slip must give rise to frictional forces, which are 
not considered in the theoretical treatment. It is possible, 
considering the extreme case, that these frictional forces 
may constrain the rubber to have the same extension at all 
points in the nip. 

The true state of affairs must lie between these extremes. 
The measurements of surface extension made at the higher 
load apparently show that the extension does vary through 
the nip. Although these results may not reliably represent 
the conditions elsewhere than at the roller edges, it seems 
certain that a variation in rubber extension must occur at 
high values of K, although it probably does not attain the 
full theoretical value. Under these conditions there must 
therefore be some relative movement between the roller 
surfaces within the nip. 
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The measurement of the strain-dependent damping of metals 


vibrating torsionally 


By G. Sumner, Ph.D.,* and K. M. EntwistLe, M.Sc., Ph.D., Department of Metallurgy, University of Manchester 


[Paper first received 21 March, and in final form 7 May, 1958] 
\ 


Apparatus is described for the measurement at room temperature of the mechanical damping 
of torsionally vibrating metal specimens up to shear strains of about 2 x 10-3 for mild steel. 
Vibrations are maintained by a moving-coil.exciter which is energized by an electronic feedback 
circuit and controlled by a Rochelle salt detector coupled to the end of the specimen. The phase 
of the exciter current is adjusted to coincide with that of the angular velocity of the specimen 
so that absolute values of energy loss can be obtained by measuring the exciter current, the 
exciter force constant and the frequency and amplitude of vibration. Values so obtained for 
an aluminium alloy agree with the decrement measured by a free-decay test to about 1% 
Evidence is reported which shows that such agreement would not be expected with ferromagnetic 
specimens because the free decay tests do not allow enough time for a cyclic condition to be 


attained at intermediate strains. The total extraneous energy loss in the apparatus is shown to 


be less than 3 x 10-5 of the vibrational energy of the system. 


In connexion with an investigation of the relation between phase and fed to a power amplifier which delivers alternatin 
magnetic properties, magneto-mechanical damping and current to a moving coil exciter fixed to the free end of the 
fatigue behaviour, apparatus was required which would specimen. The current is adjusted to be exactly in phase with! 
measure the damping capacity of ferromagnetic specimens the angular velocity of the inertia, that is to give maximum} 
vibrating over a wide range of strain at room temperature. reinforcement to the vibration of the specimen. 
The present paper describes the development of this apparatus; dition is secured when the exciter current is at a minimum 
the preliminary results of the investigation for which it was for a constant amplitude of vibration of the specimen, and| 


used will appear in the Journal of the Iron and Steel Institute.) 
Although the method was designed specifically for magnetic 
materials it can be used equally effectively for the study of 
amplitude-dependent damping in non-ferrous materials. 
Hanstock and Murray™ devised a highly effective method 
of damping measurement, which is particularly suited to 
testing aluminium alloys; the present technique owes much 
in general inspiration to their work but differs from it mainly 
through modifications which are desirable for tests on mag- 
netic specimens. The important differences include the use 
of a moving coil exciter, which overcomes the difficulties 
encountered in using an eddy current device with ferro- 
magnetic test-pieces; it also allows the specimen to be well 


magnet 
pole pieces 


exciter 
base 


removed from stray magnetic fields, which are known pro- 
foundly to influence the damping capacity. The frequency 
of vibration, about 20 c/s, is lower, and a different form of 
electronic feed-back circuit is adopted. 


GENERAL OUTLINE OF THE APPARATUS 


Torsional vibration was selected because earlier research 
had produced a vibrating system of low extraneous loss com- 
prising a vertical solid cylindrical specimen with enlarged J 


fixing bolts 


specimen 
base plate 


steel base 


(Fig. 1). The lower inertia was securely bolted to a large 
steel base in a heavy concrete bed, leaving the upper disk free 
to execute torsional vibration controlled by the torsional 
stiffness of the specimen. Hitherto damping measurements 
shad been made by timing the decay of free vibrations, but for 
the present work an electronic feed-back system was devised 


tapered ends, each expanded into a disk-shaped inertia 


Fig. 1. Diagram showing the damping specinien, 
method of gripping and position of the exciter 


pre-determined amplitude of vibration. and (b) the gain of the power amplifier. 
The feed-back circuit comprises a Rochelle salt torsional Manual adjustment of controls affecting these two 
pick-up coupled to the oscillating inertia and delivering a quantities therefore allows the alternating torque to be 


voltage proportional to its angular displacement. This @dJusted within a range limited only by the maximum 


voltage is amplified, limited to a selected level, adjusted in vailable. 


Measurement of energy dissipation. 
* Nowat United Kingdom Atomic Energy Authority, Springfields torque of maximum value 7, 


This con-' 


to maintain vibration of the specimen. The damping was then the torque exerted by the exciter is determined by 
measured by the alternating torque required to sustain a  (@) the level at which the amplified pick-up voltage is limited, 


power | 


If a purely sinusoidal 
is applied to the oscillating 


Works, nr. Preston. inertia so that it is displaced in phase by 7/2 relative to the 
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yurely sinusoidal resonant angular displacement of maximum 
value @,,,, the work done by T,,, per cycle is 


IAW Dee a 104 Ol oe 


The measurement of energy dissipation is based on this 
elation. 6,,, was measured optically by reflecting a beam of 
ight from a plane mirror fixed to the inertia on to a scale 
sraduated in millimetres. T7,,, is the product of the exciter 
orce constant K, and the maximum exciter current i,,. 

The complete expression for the energy dissipation per 
sycle therefore is 


AE = 1/2rKi0,, ergs/cycle 


vhere i is the r.m.s. exciter current. 
The results which follow are expressed in terms of the 
ractionai vibrational energy loss, P, defined by 


NEO 2/277 Ri 


ip 
4a 02, Ia, 


where / is the effective moment of inertia of the vibrating 
stem. At lower damping levels 4/w?6?, is the maximum 
Abrational energy during the cycle, but as P rises it becomes 
lifficult to give this denominator a unique physical meaning; 
t is always, however, a precisely measurable quantity. 
Where necessary, P has been related to the logarithmic 
Jecrement 6 using 


P = | — exp (— 28) 


[he expression for P assumes that both T and @ are described 
vy pure sine curves. The waveform of 7, that is 7, approaches 
his very closely because of a highly selective amplifier in the 
eed-back circuit tuned to the specimen vibration frequency 
ind so drastically attenuating any harmonics. The complex 
lastic hysteresis loops for iron must cause the 6 wave-form 
0 contain harmonics, but inspection of the detector voltage 
vaveform on an oscillograph screen failed to reveal any 
ignificant distortion. 

_ Inhomogeneous stress. The radial stress gradient in a solid 
rylinder strained in torsion has objections for high stress 
vork which can largely be overcome by the use of thin tubes. 
Solid cylinders were used, however, and the damping P, 
vhich would be measured on a specimen deformed homo- 
reneously to a shear strain ¢ was derived from the relation 
yetween the measured damping P,,, and surface shear strain 6 
or a solid cylinder by a graphical construction based on 


$ dP in 
= ee 
Py = Py, 4 dd 


Choice of vibration frequency. The vibration frequency 
vas chosen to give the highest attainable stress. The 


nechanical energy supplied by the exciter to the specimen 
luring one vibration cycle is AE = e,ji/f, where i is the 


xciter current, f is the frequency and e, the exciter back 
.m.f. For a given amplitude e, is proportional to f so that 
ME oc i. 

If it is assumed that the total power supplied to the exciter, 
V, is a constant independent of frequency, then under these 
onditions i falls as f increases at a rate dependent on the 
atio of motional to clamped resistance. Hence for maximum 
\E and hence the highest stress, f should be low. There is, 
lowever, a limit to the increase of AE secured by decreasing 
since W falls with f in a conventional power amplifier 
ecause of a drop in efficiency of the coupling transformer. 
This effect became marked at about 15 c/s with the trans- 
ormer available and in consequence an operating frequency 
f about 20 c/s was selected as about the best compromise. 
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Although this frequency gives the highest stress it is still 
possible to make useful damping measurements at frequencies 
as low as 5 c/s and well above 100 c/s. 

Two additional advantages which accrue from the use of 
a low vibration frequency are the reduced temperature rise 
in high damping specimens and the ability to follow damping 
changes in the early stages of a fatigue test. 


DETAILS OF THE DAMPING APPARATUS 


The detector. The detector was based on a design by 
Berry) and is illustrated in Fig. 2. A Rochelle salt bimorph 
“sensitive to torsion is coupled to a torsion wiré and cross-arm. 


Perspex 


block pet 


electrical 


COMME ONS Se 


crystal 


brass grip S 


ies Perspex block 
A (removed for clarity) 
nylon ; 
filament | ~tension balance 
wire 
Cross-arm 


Fig. 2. Detailed diagram of crystal detector 


A loop of nylon filament fixed to the ends of the cross-arm 
(Fig. 3) wraps round one of a set of cylinders fixed on the 
axis of the oscillating inertia. The overall detector sensitivity - 
can be increased by selecting a cylinder of larger diameter or 
by fitting a stiffer coupling torsion wire. Most of the measure- 
ments were made with a detector giving 4-5 V/rad rotation 
of the cross-arm and coupled to the specimen assembly to 
give a sensitivity of 1-0 V/rad rotation of the inertia for tests 
at high stress and 4 V/rad for tests at lower stress. The 
maximum safe crystal output voltage is about 0-12 V. 

At a frequency of about 20 c/s there is appreciable phase 
shift at room temperature between the twist of the crystal 
and its output voltage. This is a consequence of the ferro- 
electric characteristics of Rochelle salt and complicates the 
use of the crystal voltage as an indication of the phase of the 
specimen vibration, for example to set the exciter current 
exactly in quadrature to the vibrational strain. However, 
the phase shift did not appear to vary within the range of 
room temperatures which was normally encountered, since 
the phase shift setting for maximum reinforcement of the 
vibrations did not vary during any test. An alternative to 
the crystal detector, which is being developed, is a moving 
coil system. This will have a simpler phase relation but must 
be heavily screened from the magnetic fields of the exciter. 
From this point of view the crystal detector is much simpler. 


The exciter. The exciter resembles a large moving coil 
galvanometer element; the coil has a cross-section of 
2 x 24in. and is wound with about 350 turns of 34s.w.g. 
enamelled wire on an acrylic moulding. The wires are 
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securely bonded with acrylic cement. The coil is rigidly 
fixed to the top of the inertia and with its axis collinear with 
that of the specimen (Fig. 3). Current is fed into the coil 
through a stout copper—beryllium hair spring and out along 
the specimen and through the machine base. A radial 
magnetic field is defined by shaped pole pieces and a central 


exciter Current lead 
ee ee 
| air spr 

~_ hair spring 


stepped pulley for varying 
efector sensitivity 


esta} supporting pillar 


AN 
idetector coupling rigid exciter base 


specimen 


Fig. 3. Diagram showing the moving coil exciter and 
the method of coupling the detector to the oscillating 
inertia ; 


soft iron core and supplied either by an Alcomax III per- 


manent magnet (about 350 oersted) or, where higher torques. 


are required, an electro-magnet (about 2000 oersted). The 
exciter force constant K was measured by two methods 
giving results in good agreement. 

(i) The maximum voltage, e,,, generated by the exciter on 


O06 


O 
O 
JS 


Exciter back e.m.f. (r.m.s.V) 


OO. 
Maximum amplitude of vibration (rad) 


) 0-006 0-018 


Fig. 4. Typical relation between open-circuit voltage 

generated by the exciter and amplitude of oscillation. 

Slope gives K = 3:69 x 10°dyn cm/A. Vibration 
frequency = 19-25 c/s 
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open circuit at maximum angular displacement 6,, an 
angular frequency w is 


Cm = Kw, x 107° V; 


€ Was measured with a carefully calibrated valve voltmete 
as a function of 6,, during a slowly decaying free vibratio ! 
The gradient of the linear relation between e,, and 6,,, (Fig. 4)) 
coupled with a measurement of w by timing the interval for) 
say, 1000 cycles to be recorded on Dekatron counters, gavi} 
K in dyn cm/A. 

(ii) If a direct current i is passed through the exciter whew) 
it is coupled to a slender specimen of known torsional stifi} 
ness C, the resulting static rotation @ when i is reversed if 


given by 


Ki = 400 


C was calculated from the measured vibration frequency o 
the specimen when attached to a disk of known momenjj 
of inertia. 
Method (i) was preferred because in many cases it allowe 
K to be checked with the damping specimens in the machine 
these were usually too stiff for accurate measurement by (ii 
Typical exciter characteristics are given in the Appendix. 
The exciter current was measured with a vacuum thermo} 
junction. Seven shunts were provided to permit accuraté 
current measurement to be made from 0-0005 to 2:0 Ay 
Each range was calibrated with direct current; the thermo} 
couple voltage was compared potentiometrically with th¢ 
voltage drop across a standard resistor in series with the heater} 
The maximum couple voltage was 7mV and could bd 
measured to 10~° V. | 
The feedback circuit. 
circuit is given in Fig. 5. 


A block diagram of the feedbact 


input from 
detector 


Dekatron 
counter 


amplifier 


pow 


oscilloscope 


stabilized supply 
+450 and -3OOV 


Block diagram of the feedback circuit 


outpur to 
exciter 


Fig. 5; 


The pre-amplifier has an input impedance of 50000 Q an’ 
ensures that the voltage eventually delivered to the limiter i 
always well above the maximum voltage which this sta 
will pass; this is an essential condition for stable vibration. 

The phase-shift stage can be adjusted to displace the phas! 
of its output voltage relative to the input voltage over thi 
range 0-360°. This allows all possible phase displacement 
round the system to be corrected. The circuit compound 
two vectors, displaced 7/2 relative to each other in tim 
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yhase and variable in magnitude between equal positive and 
jegative limits. The controls are usually manipulated so that 
she resultant vector traces a square locus; the fact that this 
sauses the output voltage to vary in magnitude by a factor of 
\/2 is not important since the voltage is later heavily clipped. 
' The limiter is a “soft spring’? feedback amplifier which 
cuts off all the incoming voltage wave above a well defined 
amd adjustable level. Thus the output from this stage is 
very nearly a square wave, the height of which defines the 
voltage ultimately fed to the power amplifier and hence the 
iulternating torque exerted on the specimen. 

In order to measure energy dissipation it is necessary to 
abstract from the square wave only the component which 
van do work on the specimen, that is the fundamental of its 
Fourier series. A highly selective amplifier) performs this 
function; the selectivity derives from a “‘twin-T”’ resistance- 
2apacity feedback circuit tuned to the vibration frequency of 
the specimen. 

The phase inverter allows the output of the tuned amplifier 
to be fed to the push-pull power amplifier, which incorporates 
negative feed-back and has a power rating of 25 W. Of this 
only about 4 W can be delivered at 20 c/s in undistorted form 
by the coupling transformer. This can be improved. 

It may be possible to use one of the commercially available 
high fidelity audio amplifiers in place of part of the circuit 
labelled ‘yower amplifier’ in Fig. 5, but the authors have 
mat tried this substitution. 

_ The stabilized power supply for the power amplifier is of 
the simple form which uses neon tubes, since the voltages 
tequired are multiples of 150 V. 

The square wave from the limiter is used to supply a con- 
ventional counting circuit. Pulses are recorded up to 1000 
on Dekatron counters; units of 1000 are transferred to a 
5 digit post-office counter storing therefore up to 10!° cycles. 
The Dekatron circuit allows accurate measurements of 
vibration frequency-to be made by timing a count of several 
chousand cycles. 

Characteristics of the feedback system. Because of the 
jyegative feedback in the power amplifier, change of motional 
mpedance of the exciter caused by a change of specimen 
jJamping gives rise to only secondary changes of exciter 
surrent. The exciter therefore imposes a constant torque on 
he specimen for fixed control settings and in consequence 
damping changes produce variation of amplitude of vibration. 
A disadvantage of such a constant torque system of control 
yecame evident during tests on magnetic materials, where 
often a range of strain exists over which P varies almost 
nversely with shear strain; that is AZ increases linearly with 
amplitude. The maximum torque T,,, required to supply this 
‘Oss is 


AE 
(eee 


TO ny 


ind is therefore constant. This means that a slight variation 
of torque, or exciter current, produces a large change of On 
ind close control of amplitude is not preserved. Fortunately 
t never became necessary to sustain vibration for long periods 
n this range and in most cases a stable amplitude could be 
naintained for sufficient time to allow an accurate measure- 
ment to be made. The exceptions were well annealed pure 
ron and nickel, in which a range of strain existed over which 
P fell more steeply than 1/f; this means that 7 falls with 
increasing @ and the vibration amplitude rises uncontrolled 
to the strain at which T begins to rise again. 

The natural frequency of vibration of the specimen falls 
with increase of damping, so, because the phase shift in the 
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feedback circuit varies with frequency, the phase relation 
between T and @ in principle depends on the specimen 
damping. In practice this effect was found to be unimportant 
in almost all cases, since the phase setting for minimum 
exciter current at constant amplitude of vibration was found 
to be independent of amplitude and therefore of damping. 
A notable exception was annealed nickel in which a range of 
damping from 0-0048 to 0-5 was measured, corresponding to 
natural frequencies of 20:4 and 17-4 c/s respectively. Here 
slight phase correction was necessary during a test. 

The frequency-dependence of phase shift complicates the 
use of this circuit for maintaining vibration over a wide range 
of frequency, such as would be met in tests over a range of 
temperature. 

Extraneous energy loss. The magnitude of energy losses 
arising Outside the specimen was measured directly by tests 
on an aluminium alloy specimen (R.R.56) vibrating at strains 
known from earlier work to correspond to a low and stable 
damping capacity. Fig. 6 shows the relation between P and 


Oo 


Fractional vibrational 
energy loss xO? 
wa) 


4 


2 4 
Maximum surface shear strain xO? 


Fig. 6. The effect of attaching the exciter and detector 
on the measured damping of an aluminium alloy (R.R.56) 
specimen. Vibration frequency = 12-8 c/s 
Curye A represents test on complete machine, exciter elec- 


trically disconnected; curve B represents test with exciter and 
detector removed. 


¢ for this specimen measured at atmospheric pressure by 
timing the optically-indicated decay of free vibrations. 
Curve B was measured with the exciter and detector com- 
pletely removed; before determining curve A the exciter and — 
detector were connected mechanically but not electrically and 
it is evident that a fractional energy loss of 5-5 x 10~° is 
introduced. This would not be serious even in tests on 
materials of low damping such as aluminium alloys. In 
assessing how this loss would affect the measured damping of, 
for example, a steel specimen, allowance must be made for 
possible differences of specimen strain energy. 

A further test showed that the loss contributed by the hair 
spring above the exciter was undetectable; thus, if it were 
undesirable to pass the exciter current along the specimen, 
two hair springs could be used. 

One check measurement confirmed the magnitude of the 
air friction loss predicted from earlier work®) to be about 
2:5 x 10~> of the total vibrational energy of the system. 

It is concluded that the total extraneous energy loss in tests 
with standard sized steel specimens vibrating at about 20 c/s 
never exceeds 3 x 10~° of the energy of the vibrating system; 
this is a small fraction of even the lowest damping encountered 
which in ferromagnetic specimens was about 10~3 of the 
vibrational energy. 


VERIFICATION OF THE ACCURACY OF 
DAMPING MEASUREMENT 


A comparison was made between the damping of an 
aluminium alloy specimen measured respectively by a free 
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decay test and by the electrical feedback technique in order 
to confirm the predicted operation of the regenerative system. 
The results are listed in Table 1. Corresponding values are 
in excellent agreement and it should be noted that no arbitrary 
parameter is used. The low damping of the specimen caused 
about 1+h to elapse before the equilibrium amplitude was 
attained during self-excited vibration. The free-decay tests 
were carried out with the exciter on open circuit. 


Table 1. Comparison between damping measured on an" 
aluminium alloy (R.R.56) specimen by free-decay and 
electrical methods 


Specimen diameter 0-320; in.; length 6-125 in.; frequency 
12:66 c/s. K = 3-69 x 105 dynem/A. I = 112000 gm cm? 


Surface shear Exciter 
strain current 4 12 
@ (r.m.s. A) (Electrical) (free decay) 
(BF ox 107 81829 XAOS 12132 105% 1154-10 
9-38 x 10-4 0-76, x 10-3 0-98, x 10-4 1-01, x 10-4 


6399. 10 7 20:51, X 10-9 20 885-105 4-0 885 10-2 


The table shows: 


(i) the ability of the apparatus to measure a damping 
below 10-4 of the energy of the vibrating system, which 
is of the order of one hundredth of typical values for 
unmagnetized mild steel; 


(ii) the absence of any loss associated with vibration 
excitation. 


It must be admitted that only small torques were involved 
in this test so that losses arising from inelastic distortion of the 
exciter coil and former may not be critically assessed. It is 
not easy to secure a reliable comparison between the results 
of free decay and sustained vibration techniques on high 
damping specimens because of variation of damping with 
vibration history. Magnetic damping behaviour illustrates 
this point. An attempt was made to compare the damping of 
mild steel, measured by photographically recording a freely 
decaying vibration [curve (a)], with values obtained by the 
present method [curve (b)]. The results are shown in Fig. 7, 


3 Ae eran er | 
@) ae sxe 
i Sb) 


a 


ey ea 


Maximum surface shear strain me) 


Fractional vibrational energy loss x |O2 


Fig. 7. Comparison between the damping of a mild steel 

specimen measured (a) by recording photographically a 

freely decaying vibration and (b) by the sustained vibra- 

tion method. The free-decay test was begun at a surface 
shear strain of 3-9 x 10~4 


where each curve includes points from two separate tests. 

The relation between damping and vibrational strain for mild 

steel shows a characteristic peak of magnetic origin and the 

damping curve for an initially demagnetized specimen 
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measured with progressively rising strain lies below that fo 
decreasing strain. Thus in order to make the conditions o 
the electrically measured damping approach as closely as} 
possible to those of the free decay tests, the electrical measure- 
ments of Fig. 7, were made with a sequence of strains decreas- 
ing from the maximum value. Even so the free decay results 


are higher than the electrically measured values, except at} 


vibration had been maintained for some minutes before the} 


{ 


the strain at which the free decay test was begun and at which 


excitation force was removed. This suggests that the rapid 
fall of amplitude during free vibration prevents the attainment 
of a cyclic magnetic condition, whereas in forced vibration,| 
where about 3 min elapse during each measurement, equi- 
librium can be attained. Confirmation of this explanation 
was obtained by reducing the amplitude setting after main- 
taining vibration for several minutes. The exciter current 


was observed to reach a lower steady value quickly but the 


swift fall of amplitude was followed by a slower rise which 
persisted for about a minute after this, indicating a fall of 
damping capacity. In material of this class, therefore,| 
damping values measured by a free vibration technique must} 
be expected to differ from those measured during sustained! 
vibration. 


APPENDIX 
Typical exciter characteristics 


_ Clamped resistance of exciter = 34:0 Q at 20 c/s. 
constants: K = 3-65 x 10° dyn cm/A (with permanent 
magnet). K = 21-4 x 10° dyn cm/A (with electromagnet). 

After dismantling the exciter and reassembly, variations in 
K of not more than 1% may arise. 


Typical exciter efficiency at maximum power. When’ 


coupled to a mild steel specimen and polarized with thet 


electromagnet the damping was 0-287 of the vibrationa! 


energy of the specimen at 0,,, = 0-116 rad (specimen surface # 


shear strain 1:95 x 10~3). The‘exciter current was 0-329 A. 


the applied e.m.f. 14:8 V and the back e.m.f. 3-61 V. Hence} 


the efficiency was 3-61/14:8 = 24:2% and the specimen was 
dissipating 1-19 W. 


These figures indicate, too, that at this frequency the} 


exciter impedance is almost wholly resistive. 
The exciter efficiency will rise as the damping falls; with 


aluminium alloy specimens efficiencies of over 80% weret 


achieved even with lower polarizing fields. 
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Resonant cavity methods of measuring ferrite properties 
By R. A. WaLpron, B.A., A.Inst.P., Marconi’s Wireless Telegraph Co. Ltd., Great Baddow, Essex 


[Paper first received 19 March, and in final form 20 June, 1958] 


Formulae are given for the frequency shift on introducing a ferrite sample into a resonant cavity. 

Cylindrical rod, circular disk, and spherical samples are considered; the sample may be placed 

in a region of zero electric or magnetic field, enabling magnetic and dielectric properties to be 

separately determined. The merits and demerits of the various sample shapes are discussed, 

and it is concluded that a spherical sample is usually best; in particular, with such a sample, 

the dielectric constant and permeability can be measured on the same sample, in the same cavity, 
working in the same mode. 


/ 
LIST OF PRINCIPAL SYMBOLS 


Eo, Do, Ho, Bo = electric and magnetic fields and inductions 

my in the cavity in the unperturbed state. 

E,, D,, H,, B,; = fields and inductions which must be added 
to Eo, Do, Ho and By to give the quantities 
appropriate to the perturbed state. 

H = magnetic field external to sample. AH, is a 
direct field; the component of A per- 
pendicular to z is a microwave quantity. 

h = field internal to specimen due to H. 

b = magnetic induction internal to specimen. 

49, €9 = permeability and permittivity of free space. 
€ = relative permittivity of ferrite. 
bt, & = components of relative permeability tensor 
of ferrite. 
M, = saturation (direct) magnetization of ferrite 
(in z direction). 
V,, Vo = volume of sample and cavity, respectively. 
Qo, Q; = “Q” of cavity in absence and presence of 
' sample, respectively. 


INTRODUCTION 


Resonant cavity methods have long been in use for measuring 

dielectric constants of materials, and in recent years these 
techniques have been adapted to the measurement of the 
permeability of a ferrite. Ferrites are substances having a 
tensor permeability in the presence of a direct polarizing 
Magnetic field. Provided that this field is sufficiently great to 
cause saturation, the induction in the ferrite is related to the 
field in the ferrite at microwave frequencies by 


jor 0 
b= po | Jom be O;h (1) 
0 Ops 
Polder“) has given the following formulae for and a: 
h,M, HM, 


i a 
where /, is the direct polarizing field in the sample and M, 
is the saturation magnetization in the z direction. If the 
working frequency is w/27, H, is given by w/y, where y is 
the reciprocal of the gyromagnetic ratio. Polder’s expressions 
hold for the lossless case; Hogan®™ has obtained similar 
expressions involving loss terms. 

In order to measure both yz and «, it is customary to use 
a cavity in a degenerate mode; by applying two input signals 
in space and time quadrature, it is possible to generate, at 
least in some part of the cavity, a circularly polarized 
oscillation. This may be polarized in either sense, and 
different values of the frequency shift obtained in the two 
cases. In this way, a pair of equations is obtained from 
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which ,x and a may be determined. Experimental methods 
of generating circularly-polarized oscillations have been 
described by several authors.@-® 

Formulae have been given by Berk and Lengyel,‘”? Rowen 
and von Aulock,®) and the present author®:'!® for the 
frequency shift due to a small spherical sample. Berk and 
Lengyel also give formulae for a small disk sample and a 
cylindrical rod sample. Recently, Rowen and von Aulock 
have suggested the use of large disks situated at the end of 
a cavity.¢) 

The aim of the present paper is to gather together the 
various methods of measuring ferrite properties in one and 
the same treatment of the subject, and to discuss the merits 
and demerits of these methods both from the point of view 
of the technique of measurement and in relation to the 
purpose for which the ferrite is intended. We shall also pay 
some attention to the problem of measuring the dielectric 
constant on the same sample as the permeability. Such a 
discussion does not appear to have been previously given; 
various authors have brought up some point or other in 
connexion with a new method of carrying out a measurement, 
but have not given a complete discussion of the topic. Also, 
the concept of “‘external permeability” is still not dead, in 
spite of the confusion it causes. It is hoped that the dis- 
cussion given in the present paper will prove helpful to 
workers, particularly newcomers to the field, in planning 
experimental work. 


PERTURBATION THEORY OF A RESONANT CAVITY 


It may be shown !® !) that if a small body of volume V; 
is inserted in a cavity of volume Vo, and if Eo, Hp are the 
fields in the cavity in the absence of the body, the frequency 
shift that takes place is 


éw J [fer Bo — Bo. Di) — (Hy, Bo — Hy. B) AV 


(62) 


(3) 
JJ] eo Dy — Ho. By) dV 


It is assumed here that if the fields and inductions in the 
unperturbed condition can be represented as XQ exp (jw?), 
where X = E, D, H or B, then in the perturbed condition 
they become (Xp + X;) exp [j(w + dw)z]. In the unper- 
turbed condition, the inductions are given by 
Do = &)E9 = By = Po (4) 
while in the perturbed condition we have, in the sample, 
D, SS Eg E | == Eo) oe Eo Eo ) (5) 
By = polv (A; + Ho) — boo j 
[] denoting the tensor relative permeability of equation (1). 
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Equation (3) can be applied in principle to any cavity, 
working in any mode, and containing a sample of any shape. 
In practice, however, it is convenient to limit cavity shapes 
to rectangular and cylindrical, and to consider samples which 
are spheres, cylindrical rods, or circular disks, as it is only 
in these cases that the results can be calculated conveniently 
and the sample and cavity conveniently made. 

It is the usual practice to make magnetic measurements 
with the sample at a position of zero electric field, and to 
make dielectric measurements with the sample at a position 
of zero magnetic field. Thus in the numerator of equation (3) 
either (E, . Dp — Eq . D,) or (H, . By — Ho . B;) will be zero. 


SPHERICAL SAMPLES 


With a cylindrical cavity in which oscillations are generated 
which are circularly polarized on the axis, and with the 
polarizing field for the ferrite directed along the axis, the 
frequency shift for a spherical sample in a region of uniform 
magnetic field is‘! 

bw Ma ee Va 


w wt2ta Vy (6) 


the positive or negative sign being taken according to the 
sense of circular polarization. To take into account losses, 
we write w= pb’ — ju’, « = a’ — jx’, and then have 


eis — 4 fe (7) 
WwW [ot atee ors OC eV iy 
1 7 1 —6(u" +a”) V, (8) 
OM Oo we Ea 2 Seo) 2G 


where Qp is the “Q” of the empty cavity and Q, that of the 
cavity containing the sample. These equations were deduced 
directly from Maxwell’s equations by the present author. 

A suitable mode for this measurement is the H,,. mode, 
with the sample at the centre of the cavity. It will be noticed 
that at a distance of a quarter of the cavity length from one 
end, the magnetic field components are all zero, while the 
electric field is uniform and perpendicular to the axis of the 
cavity. It is well known that for a dielectric sphere in a 
uniform field Ep the internal field in the sphere, Ey + E,, is 
given by 

E, + Ey = 32 /(e + 2) 


I)/(é + 2)|Eo 


Thus in the numerator of equation (3), bearing in mind 
equations (5) 


so that 


E\ [(e 


mes Dy By a D dias 


(es) 3¢ 
= Fy Oe 
Spl, cota (e€ + 2) pa a 
Since Ep is uniform over V;, and since the denominator of 
equation (3) is a constant, we obtain 


’ 
1 1 Bs —6 je” ia 
OF Og He, pay 


It may be noted that the proportionality constant is th 
same in equations (6), (7) and (8). In equations (9), (10) 
and (11) the proportionality constant has a value / ?/d2 time 
that in equations (6), (7) and (8), / being the length of the} 
cavity and Ag the free-space wavelength. Since / and Ao are} 
comparable in magnitude, the frequency shifts and changes 
in “Q” may be expected to give comparable accuracy in the} 
measurement of dielectric and magnetic properties. 


(il 


CYLINDRICAL ROD SAMPLES 


It is common practice to measure the dielectric constant} 
of a dielectric material by taking a cylindrical rod sample, 
concentrically placed in a cylindrical cavity oscillating in the 
Eo19 mode, when the electric field is directed parallel to the 
cavity axis, and is constant over the whole volume of the 
sample. This technique can be used in the case of a ferrite, 
since the magnetic field vanishes on the cavity axis. 
Alternatively, the circular cavity may be replaced by a 
rectangular cavity oscillating in the E,,) mode; the only 
field components are then H,, H, and E,. If the cavity is} 
bounded by the faces x = 0, x =a; y=0, y= 5b; z=0, 
z=c; then along the line x = a/2, y = b/2, H, and H,) 
vanish, while E, is constant. This mode may therefore be 
used to measure the dielectric constant of a ferrite rod. 
Since the electric field is parallel to the axis of the rod, we 
shall have £, = 0 in equation (3). Hence 


{| (E,Do ~ Eo. Di)d¥ = ee Sra = Nar 


so that 
dw/w XK (e — 1)(V,/Vo) (10} 
It was suggested by Berk and Lengyel” that the rectangular} 
cavity arrangement could be used to measure the magnetic 
properties of a ferrite rod if the E,;9 mode is used. All the} 
field components except H, vanish on the axis (x = a/2. 
y = b/2); H, is uniform and independent of z. If a square 
cavity is used (a = b), and is stimulated to oscillate in both 
the E;9 and E;9 modes with equal amplitude, the oscillations 
being in time quadrature, H, and H,, are connected by the 
relation H, = + jH, on the axis, ie. there is circular 
polarization. 
From Maxwell’s equations, it can be shown that the: 
magnetic potential equation satisfied in a ferrite is‘7> 1% 


oh) Ma 


dx? | Dy? 


(13) 


For the present case, 07%/z7 = 0, and we have 
(97 /dx2) + (97b/dy) = 0 (14) 


which is the two-dimensional form of Laplace’s equation. 
Solving this subject to the boundary conditions, we find that’ 
if H is the external microwave field, perpendicular to z, the 


dw mes 1 : V; (9) internal field h is given by 
Ww o + 2 Vo 
(u + IA, + jaH 
Losses may be treated by writing ¢ = «’ — je’’, and we have Ay = 2| z 2 12 ies zi 
then ‘ ae (15) 
bw 5 € ely ja (ea 1). 
; (10) [2D 2 a 
w  é& +2 Vy 2 (uw + 1)? — &? 
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If we substitute from equations (15) into equation (3), and» 


use equations (5), we find 
ow 5 (ue — Ie + 1) = a? V; 
w (wu + 1)? — a? Vo 


For the case of circular polarization, we replace « by zero 
and 4. by uw + a, thus obtaining 


bo molto V, 
w octal ste CARY G 


Bice the rod and the cavity both have the same length, this 
may be written 


bw pes con Sj, 
COV Se Bra Sp 


(16) 


Ss; and So being the cross-sectional areas of the rod and the 
cavity respectively. This formula was given by Berk and 
Lengyel. 


CIRCULAR DISK SAMPLES 


The disk is supposed to have a thickness very small com- 
pared with its diameter, so that the magnetic field in the disk 
can be taken to be the same as that which exists when the 
disk is absent, ic. h = H and H, =O. For a cylindrical 
cavity oscillating in a circularly-polarized H,,, mode, the 
frequency shift is 


dw/w oc (u + « — 1IY(Vi/Vo) 7) 


when the sampie is placed at the centre of the cavity with its 
axis along the cavity axis. When the sample is placed one- 
quarter of the way along the cavity, at a position of maximum 
zlectric and minimum magnetic field, the frequency shift is 


da/w L (€ — 1)(V;/Vo) (18) 


Rowen and von Aulock“) have suggested the use of a 
fairly large disk, centrally placed at the end of a cylindrical 
cavity oscillating in the H,,, mode. They show that provided 
the radius of the disk is less than about half that of the cavity, 
the frequency shift is given approximately by 


Swlw oc (uw + & — 1(V/Vo) (19) 


A dielectric measurement could be made on such a sample 
‘by placing it with its centre at the centre of a cylindrical 
cavity oscillating in the E,,, mode. 


FERROMAGNETIC RESONANCE 


_ Ferromagnetic resonance is said to occur when the 
frequency shift becomes very large. The values of and « 
are given in terms of frequency and polarizing field by 
equation (2); they may be varied, at a constant working 
frequency, by varying the polarizing field H,, and the 
Tesonance phenomenon may thus be brought about. 
Spherical samples. From equations (2) and (6), it may be 
seen that dw/w -> 00 when 


Se Vi Lg 
IB reapea o Be 


Circular disk samples. From equations (2) and (17), it 
may be seen that dw/w — 00 when 


(20) 


le 


Cylindrical rod samples. In this case h, = H, and dw/w —> 
co when 


h, = H, ~ H, — M29 (22) 


EXTERNAL PERMEABILITY 


In the early days of measurements of ferrite permeabilities 
spherical samples were used, and the problem arose of 
calculating the quantities H,; and B, of equation (3), which 
is equivalent to calculating the magnetic field A in a ferrite 
due to an external uniform field H, perpendicular to the 
polarizing field. The early workers made the assumption that 
to a first approximation h could be taken equal to H, which, 
however, only gives accurate results when uw ~ | and a ~ 0, 
and does not give a useful result when yz and a differ con- 
siderably from 1 and 0. The error was pointed out by 
Rowen and von Aulock®) and the present author®; the 
latter has given a formula for f in terms of H.“° Rowen 
and von Aulock introduced the concept of external 
permeability, relating the induction 4 in the ferrite sphere to 
the external field H thus: 


(eae 0) 
b= po | JK 7» O| (23) 
0 0 1 


Results previously erroneously calculated for and « now 
become correct if they are taken to refer to 7 and kx. How- 
ever, 7 and « depend not only on the material of the ferrite, 
but also on its shape, while jx and « are properties of the 
material only. It is thus desirable to measure p and «a, 
not 7 and «; the only reason for discussing 7 and « further 
is that if results have previously been given in terms of 7 
and «, it is necessary to know the relations between these 
quantities and « and « in order to calculate w and «. 
Relations between ys and « and 7 and « were given by the 
present author,“® who also gave 7 and « as functions of 
the external polarizing field H,. These functions were 
derived from Polder’s equations for and «& in terms of h,. 


DISCUSSION 


In planning to make measurements of ferrite properties, 
it is important to choose a sample shape that has a bearing 
on the use to which the ferrite is to be put. The properties 
of a ferrite depend on how it is made; a moulded disk may 
have appreciably different values of jz, « and « from those 
possessed by an extruded rod, although the ingredients and 
firing conditions are the same. Therefore, if it is desired to 
use extruded ferrite rods, either circular for Faraday rotation 
devices, or rectangular for use in rectangular guides, a 
circular rod is a suitable specimen for cavity measurements. 
On the other hand, if ferrites are to be moulded—e-.g. in the 
form of large disks for magnetic tuning of cavities—then a 
large disk sample is suitable, having also been moulded. 

Small disk-shaped or spherical samples can always be used; 
if a number of rods or disks are made for some purpose, one 
or more of these, chosen at random, may be broken into 
pieces and the pieces rolled in a mill with carborundum; 
after a time the pieces are ground into spheres. Alternatively, 
if a piece is broken from a cylindrical rod, it may be ground 
flat to give a circular disk. 


h, ~ H, (21) One is usually concerned to measure jz and « as functions 
H, ~ H, +M,/po of the polarizing field. Rowen and von Aulock!” have 
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pointed out that the polarizing field for which magnetic 
resonance occurs is higher for a disk-shaped sample than for 
samples of other shapes, as can be seen from equations (20), 
(21), (22), and for this reason suggest that disk-shaped 
samples are particularly suitable at low frequencies, since 
other-shaped samples exhibit resonance in this range. It is 
doubtful, however, whether this constitutes any advantage, 
since it is not the observation of a large frequency shift that 
causes difficulty, but the calculation of 2 and «, when these 
are large, from the observed frequency shift, whether this” is 
large or small (depending on the sample shape). The values 
of x and « become large when h, ~ H,; this phenomenon 
is independent of the sample shape, as can be seen from 
equations (2), so that on this score there is no advantage in 
any particular sample shape. 

Disk-shaped samples are likely to give less reliable results 
than rod-shaped or spherical samples because the formula 
for the frequency shift [equation (17)] is less accurate than 
in the case of a spherical or rod-shaped sample. The 
assumption has had to be made that the microwave field in 
the sample is the same as in the external field, which is only 
true for an infinitesimally thin sample. If the sample is 
sufficiently thin to justify this assumption, then the sample 
volume V, is small and the frequency shift measurement 
correspondingly less accurate. 

The field in the specimen can be expressed exactly in terms 
of the external field if the specimen is a sphere or an infinitely 
long circular rod. The latter is achieved in practice if the 
actual rod fits flush with the ends of the cavity; if these are 
perfect reflectors, both cavity and rod may be regarded as 
part of an infinitely long system. The only inaccuracies that 
now appear in the formula for the frequency shift [equations 
(6) and (16)] are due to the non-uniformity of the microwave 
magnetic field in the neighbourhood of the sample, and a 
small effect due to the non-uniformity of the polarizing field 
at the ends of the sample. The best way to deal with the 
first difficulty is to start with a comparatively large sample 
(spherical or rod-shaped) and take a series of readings; then 
grind a little off the sample and repeat the readings. For 
sufficiently small values of the radius, the frequency shift will 
depend linearly on the sample volume, and in this range of 
values of radius the frequency shift readings may be used to 
determine and «. Also, for sufficiently small values of 
radius, the second difficulty will become negligible. 

There are several other points to bear in mind in choosing 
the sample shape. With a rod, there is a tendency to average 
out local inhomogeneities; several spheres, all made from the 
same rod, can be used to indicate whether or not the rod is 
uniform. This applies equally to spheres made from a large 
disk. A spherical sample is much less likely to be damaged 
by mechanical shock than any other shape; many a worker 
has spent a week grinding a rod, only to have his work 
ruined in a second by dropping it. A spherical sample is 
easier to mount than a small disk, because it is only necessary 
to locate its centre; the orientation is unimportant. A large 
disk may be easily mounted at the end of a cavity for the 
magnetic measurement, but its mounting in the centre of a 
cavity for the dielectric measurement presents a difficulty. 

Perhaps the decisive point in favour of a spherical sample 
is that measurements of jz, « and € can probably all be made 
together on the same sample, in the same cavity, oscillating 
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in the same mode. This minimizes the effects of extraneous 
factors, requires the design and manufacture of only one 
cavity instead of two and saves time in experiment, since id 
is only necessary to set up the apparatus once instead of 
twice. The sphere may be mounted on a fine fibre of silk o 
Nylon, passing through minute holes in the ends of the 
cavity. The change of position from the half-way to the 
quarter-way position may then be effected quite simply b 
drawing the thread along an appropriate distance, without 
otherwise disturbing the apparatus. The experiment has not 
been tried, but there is no apparent reason why it should not 
work. | 

In conclusion, the spherical sample shape is probably to be 
preferred in most cases for the elegance of experimental 
technique which it permits, for the reliability of the frequency} 
shift formula, which is not subject to errors due to edgey 
effects, and because a spherical sample can always be pre 
pared from a given specimen. In special cases, however, 
other factors may be more important, and this possibility 
should be examined in relation to the discussion given here§ 
A final point is that the concept of external permeability has 
outlived its usefulness and should be dropped. 


| 
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y-ray yield and spectra produced by irradiating backing materials 
with protons 


By S. E. Hunt, B.Sc., Ph.D., F.Inst.P., R. A. Pope, B.Sc., W. W. Evans and D. A. HANCOCK, 
Associated Electrical Industries Ltd., Aldermaston, Berks. 


[Paper first received 19 February, and in final form 2 June, 1958] 


Thick targets of copper, silver, gold, tungsten, molybdenum, titanium, tantalum and tin were 
irradiated by protons in the energy range 0-6 to 2-8 MeV and the total y-ray yield measured as 
a function of proton energy. The y-ray spectra were also measured for a fixed proton energy of 


2:2 MeV. 


/ The total y-ray yields of the materials were found to decrease in the order given above, indi- 
cating that tungsten backings produce less total y-ray background than any other. If high 
energy y-rays are being investigated it may be advisable to use tin or gold backings since the 
y-ray spectrum from these is concentrated towards the lower energies and can consequently be 
biased out in the counting equipment, but both materials are rather fragile under heavy proton 

irradiation. 


1. INTRODUCTION 


Targets used for investigating y-rays resulting from the 
proton irradiation of an element often consist of a thin 
layer of the element deposited on some backing material. 
y-rays from the backing material itself provide an unwanted 
‘background and may completely mask those from _ the 
‘material under investigation.”) A knowledge of its y-ray 
yield under proton irradiation is therefore necessary in 
choosing a target backing material, and it is also essential to 
know the y-ray spectrum produced, in order to assess the 
possibility of separating this from the y-rays under investi- 
gation by biasing the counting equipment. 


2. TARGET PREPARATION 


The targets consisted of foils or disks about one square 
centimetre in area and of sufficient thickness to stop com- 
pletely the protons of highest energy used. The following 
materials were tested (percentage purities are given in 
brackets): copper - (99:5 7);— silver (99-999°%):. gold 
(99-999 °%); tungsten (99-8 %); molybdenum (99-5 °%); titan- 
ium (99:-9°%); tantalum (99-9 %); tin (99-998 %). 

The targets were first abraded using fine emery cloth to 
remove surface impurities, cleaned with acetone, washed in 
hot water and finally rinsed in distilled water. The gold 
target consisted of four 0:001 in. thick foils which were 
placed one on top of the other in order to provide the 
requisite thickness to stop the beam, and because of the 
fragility of the material the initial abrasion with emery cloth 
was omitted. 

The cleaning process was carried out immediately before 
the targets were placed in the vacuum system for irradiation, 
and whilst they were under vacuum a liquid air trap was 
placed in their immediate vicinity. This had previously been 
found to greatly reduce the deposition of impurities such as 
‘carbon from the vacuum system on to the surface of the 
targets. 


3. GEOMETRICAL ARRANGEMENT 


The beam from a vertical pressurized Van de Graaff 
accelerator?) was first deflected through an angle of 63-6° 
by means of an absolute electrostatic analyser.” This 
provided a beam homogeneous in energy to about 6 parts 
in 104, which was then deflected through a further angle of 
26:4° by a deflecting magnet which also separated out the 


particles of unwanted mass and provided a horizontal and 
approximately parallel beam of protons of the required 
energy. The beam was focused to a spot of about 5mm 
diameter on the targets using a strong focusing magnet. 

The target arrangement is shown in Fig. 1. This consisted 
of target 1 mounted on a flap so that it could either intercept 


p-beam ; Gel mt) 


Fig. 1. Experimental arrangement for recording 
y-spectra 


or be withdrawn from the path of the beam and target 2 
which was fixed and positioned 8 in. away from target 1. 

In measuring the y-ray spectra a 10cm diameter sodium 
iodide crystal was placed 8 in. behind target 2, so that it 
subtended a solid angle of approximately 0:2 steradian at 
target 2 and 0-05 steradian at target 1. 

The 36mm diameter crystal used to estimate the total 
y-ray yield was placed | in. behind target 2 so that it sub- 
tended a solid angle of 1-75 steradian at target 2 and 0-02 
steradian at target 1. 


4. Y-RAY DETECTION AND ENERGY 
MEASUREMENT 


_The y-ray energy spectra were measured using a 10cm 
diameter by 10cm long sodium iodide. crystal optically 
coupled to a photomultiplier type 6099A (by E.M.I. Ltd.). — 
This large crystal produced effectively a single total-absorption 
peak for each y-ray. Pulses were fed through a cathode 
follower and linear amplifier to a 120-channel pulse height 
analyser of the Hutchinson Scarrott type©) made by Sunvic 
Controls Ltd. The spectrometer was calibrated using 
radioactive sources **Na (E, = 1:28 MeV and 0:51 MeV) 
124Sb. (Ee = 1 TiiMey) THC” Gr =.2- 62: MeV) ands the 
6:14 MeV y-ray from the !°F (p oc y) !°O reaction which was 
produced by irradiating a thin calcium fluoride target. The 
crystal and photomultiplier were surrounded by a lead shield 
of thickness 54in. which protruded 6in. in front of the 
crystal to provide increased protection from machine X-rays. 

In estimating the total y-ray yields as a function of proton 
energy the y-rays were detected by a 36mm diameter by 
25 mm long sodium iodide crystal, shielded by a | in. thick 
lead screen and optically coupled to a type 6262A photo- 


VoL. 9, NOVEMBER 1958 443 BRITISH JOURNAL OF APPLIED PHYSICS 


S. E. Hunt, R. A. Pope, W. W. Evans and D. A. Hancock 


x. . 
tifanium 


2x10* 


y-ray yield /1OuC target charge 


silver x1O 


Le} 


molybdenum 
nies ~orort x |O 


EO fae he De se oO D528 
Proton energy (MeV) 
Fig. 2. y-ray yield curves for titanium, copper, silver 
and molybdenum 


x —titaniumies e-=coppers* CO ="silver, 
= molybenum. 


tantalum 


tantalum 
3 


fe) 


Tungsten 
tin 


1 @) 


ray yield /IQuC target charge 


1xlO? 


y 


'O 5 20 25 28 
Proton energy (MeV) 


Fig. 3. y-ray yield curves for tungsten, tantalum, gold, 
tin and molybdenum 


A = tungsten. O = tantalum. A = gold. x = tin. 
= molybdenum. 
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multiplier (by E.M.I. Ltd.), which fed into a standard scaler 
via a cathode follower and linear amplifier. Zero bias 
setting was used on the discriminator of the scaler in order 
to record the low energy y-rays, the lower limit of detection 
being about 200 keV, so that essentially all the y-ray peaks |) 
observed in the spectra were recorded in the total yield | 
measurements. 

The total counts obtained from the target materials, using 
the large crystal, were estimated by measuring the areas under 
the y-ray spectra curves (Figs. 4-11) and it was found that 
the relative yields computed in this manner were closely 
similar to those obtained from the total yield curves for a 
proton energy of 2:2 MeV (Figs. 2 and 3). This indicates 
that the reduced sensitivity of the small crystal to high » 
energy y-rays had not greatly affected the total yield curves, | 
a result which was anticipated in view of the predominance 
of low energy radiation in all the spectra. 


« 
y 


5. EXPERIMENTAL PROCEDURE 


Appreciable background counting rates were observed due | 
to X-rays from the Van de Graaff accelerator and y-rays } 
produced by accelerated particles striking the electrodes and | 
slits of the electrostatic analyser and the brass walls of the | 
magnet box. In initial irradiations, attempts were made to 
estimate these by intercepting the beam on a tungsten flap 
which could be placed in front of the target, but the y-ray | 
yield from this interceptor was appreciable and the double 
target system already described, and shown in Fig. 1, was 
therefore used. A steady beam was first allowed to fall on } 
target 2 until the required target charge had been received. | 
The beam was then intercepted by target 1, and the irradiation t 
repeated. The machine conditions were kept constant during § 
the two irradiations and identical target charges were 
received by each of the two targets in times which were equal 
to within one or two per cent. This was necessary since the 
background counts from the accelerator were strongly time 
dependent. Since the machine conditions were extremely 
stable the background counts were approximately equal in ) 
the two irradiations, the difference in the two total counts 
being equal to the counts from each of the targets multiplied 
by the difference in the solid angle subtended at the counter } 
by target 2 and target 1. Reproducible counts were obtained 
in this way even for the targets of very low yield, when the 
background counting rate was of the same order as that 
from the target. | 

Both targets were connected to a beam current integrator, 
and in estimating the total yield curves this was arranged to 
switch off the counting circuits when the target had received 
a charge of 10 C. Irradiations were repeated at proton | 
energy intervals of about 50 keV through the range 0:6 to | 
2:8 MeV. 

In measuring the y-ray spectra the irradiation was con- | 
tinued at a fixed beam energy of 2:2 MeV until acceptable 
counting statistics had been obtained, the total target charge | 
being recorded. In order to obtain acceptable statistics at 
the higher energy end of the spectrum for some low-yield | 


i 


targets it was necessary to increase the solid angle of | 
observation by moving the counter nearer the target. The | 
counts shown in Figs. 4 to 11 have been normalized to refer | 
to the geometry described in Section 3 in the few instances : 
where this was necessary. | 

In general, target currents of between 2 and 5 pA were | 
used, but these had to be reduced for materials of higher | 
yield to avoid large counting losses, and, for the tin target, 
to avoid melting the material. | 


y-ray yield and spectra produced by irradiating backing materials with protons 


| : 6. RESULTS 


The y-ray yield curves as a function of proton energy are 
shown in Figs. 2 and 3. It will be noted that at the higher 
proton energies the yields vary by a factor of forty or more 
between the higher-yielding materials, titanium and copper, 
and those of lower yield, tungsten and tin. Figs. 4 to 11 show 
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Fig. 4.. Pulse height spectrum resulting from bombard- 
ment of titanium with 2:2 MeV protons 
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Fig. 7. Pulse height spectrum resulting from bombard- 
ment of molybdenum with 2:2 MeV protons 


Pulse height 


the y-ray spectra produced by irradiating the materials with 
' 2-2 MeV protons. The spectra are normalized to the same 
solid angle subtended at the counter by target 2. y-ray 
energies given are subject to an experimental uncertainty of 
+0-:03 MeV for the sharper peaks. 
- Titanium and copper both have a considerable high-energy 
yield, extending up to 9 or 10 MeV. The slight prominence 
at about 6 MeV apparent for silver, tantalum‘ and tungsten 
indicates that an appreciable part of their high energy 
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spectrum could be due to 6:14 MeV radiation from !°F 
contamination of the targets. Molybdenum has a high-energy 
spectrum which shows no significant evidence of !°F radiation, 
while gold and tin appear to yield nothing above about 
2 MeV. The 0:33 MeV y-ray from tantalum is probably the 
Coulomb excitation y-ray measured as 0-303 MeV by 


Boe Ol 
> 
Exel ore 
U 
oO O5 FOr sks 2 3 4 5 6 7 
Pulse height (MeV) 
Fig. 8. Pulse height spectrum resulting from bombard- 
ment of tantalum with 2:2 MeV protons 
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Fig. 9. Pulse height spectrum resulting from bombard- 


ment of gold with 2-2 MeV protons 
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Fig. 10. Pulse height spectrum resulting from bombard- 
ment of tin with 2-2 MeV protons 
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Fig. 11. Pulse height spectrum resulting from bombard- 


ment of tungsten with 2:2 MeV protons 


Goldburg and Williamson,“ and the 0:30 MeV y-ray from 
gold is probably the same as that measured as 0°277 MeV 
by the same workers. The 0:32 MeV y-ray from silver is a 
composite line of the Coulomb excitation y-rays from the 
two isotopes !°7Ag and !%Ag. y-ray spectra from 
separated isotopes of copper have been investigated in detail 
by Weller and Grosskreutz,®) who also reported the 
absence of any structure in the spectrum from their tin 
backing. 5 
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7. CONCLUSIONS 


The materials investigated give y-ray yields under proton 
bombardment decreasing in the order titanium, copper, 
silver, molybdenum, tantalum, gold, tin and _ tungsten. 
Therefore, the most suitable target backing material for y-ray 
yield and spectroscopy work, in general, is tungsten. While 
suitable for high-energy spectra, tin is easily melted unless 
the beam intensity is low, and gold, too, suffers from the 
same disadvantage unless adequate cooling facilities can be 
provided. - 
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Crystallographic programmes for a computer 


By J. C. Gower, B.A., and J. H. RAyner, M.A., D.Phil., A.Inst.P., Rothamsted Experimental Station, 
Harpenden, Herts. 


[Paper first received 18 March and in final form 9 April, 1958] 


A brief description is given of programmes developed for the calculations involved in the X-ray 
The programmes calculate three dimensional structure factors, 
one and two dimensional Fourier syntheses and R-factors. 


analysis of crystal structures. 


Although several programmes to facilitate crystallographic 
calculation have been described in the past [see, for example, 
references (1—4)], these have been mostly for use on computers 
having much larger fast access storage than the Elliott— 
N.R.D.C. 401. It may be of interest to describe some of the 
devices used to speed up the programmes when fast access 
storage is limited. So far programmes have been written to 
calculate structure factors, one- and two-dimensional Fourier 
synthesis and R-factors. These programmes are not written 
for particular space groups but are general ones which ignore 
all the symmetry, although it has been found a trival matter 
to modify them for the case of centro-symmetric cells. 

The Elliott 401 has a magnetic disk store consisting of 
23 tracks each holding 128 numbers or instructions, each of 
32 binary digits. There are only three fast access stores, 
besides the accumulator and the multiplier register. Only 
the one number or instruction on each track which is under 
the reading head is available for calculation at any given 
moment. For the calculation to proceed rapidly the orders 
“and numbers must be arranged around the disk in such a 
way that the delay between successive operations is as small 
as possible—so-called optimum programming. A one-plus- 
one address code is used, each instruction specifying an 
address in the store and also the address of the next instruction 
to be obeyed. This machine can use its three fast access 
stores as B-registers. This means that the contents of one 
of these registers may be added to an order before it is 
obeyed; a common use of this is to enable numbers to be 
picked up in sequence from consecutive addresses. 

The structure factor programme works out .A, B and 
|F| = 4/(A? + B?) where 


Ath, k, 1) + iB(h, k, 1) 
=D f(sin 0) >) exp [27ri(hxy; + k Yj + Izy) 
J 


ny 
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Here /; is the atomic scattering factor of the j type of atom 
and (X,;, Ynjs Znj) are the co-ordinates of the n” atom of} 
type j. The inner loop of the programme calculates simul- 


taneously the cosine and sine of 2m7(hx + ky + Iz), which, 
since we are not dealing with special space groups, is better 
than calculating expressions of the form 


Oe Tait Re Dakepien. ie | 
sin sin sin 
It is in this inner loop that the timing is most critical and 
two devices are used to increase the efficiency of this part of 
the calculation. By storing the numbers between the 
instructions, the co-ordinates x, y, z can be picked up 
quickly. In this way speed can be increased three-fold at the 
expense of a two-thirds increase in the storage space for 
co-ordinates. If the n’” set of co-ordinates are wanted the 
first order is B-modified to pick up x, and to take the next 
instruction from the address following that occupied by x,. 
This instruction in turn picks up y, and gives the address 
of the instruction to pick up z,, (which is, in fact, the location 
following that where y, is stored). The second device 
evaluates the sine and cosine terms. A sine/cosine table is 
stored, the argument running in steps of exe in the range 


1024 

0<¢< 7/4. Both the sine and cosine are picked up 
together and each is used to interpolate linearly in the table 
of the other. This depends on the fact that sin (fd + 8) ~ 
sin @ + 8 cos ¢ and cos (f + 8) ~ cos ¢ — 8 sin ¢ for small 
6. Such a method gives a maximum error of 2 x 10-5. By 
incorporating these two devices the inner loop has been 
programmed to take only seven revolutions of the disk 
(7/80 s). 

Much of this complication could have been avoided, if 
the three co-ordinates for one atom could have been packed 
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© sufficient accuracy in one store, as should be possible in 
hose machines which work with 40 binary digit numbers. 

A method similar to that described for picking up the 
-o-ordinates is also used for selecting the appropriate value 
yf f as a function of sin @. In order to give a close approxi- 
nation to the f-curve by a series of linear sé¢gments and thus 
© improve the accuracy of linear interpolation, the (table is 
stored at unequal intervals of the argument. The problem is 
‘0 interpolate in a table of n values of X (equivalent to sin @) 
und Y (equivalent to the f values) when it is no longer possible 


add (XX _)) 


add (Xp- 7% n-2) 


pick up Van eS 
and AY. 


add (X,-X, ) 


pick up Y, 
and AY,” 


pick up af 
and ay, 


stop 
out X outside table 


Be eromnate representation of scheme used to pick up 
values to interpolate in f-tables 


0 determine the entry point of the table by B-modification. 
fhe value of X for which Y is required must lie on one or 
etween two of the tabulated values of X. In the first case 
10 interpolation is necessary and in the second these two 
abular values of X are found by subtracting from X the 
argest value X, and adding the successive X-differences 
mtil the total becomes positive (see figure). When this 
appens the next instruction is to pick up the corresponding 
alue of Y together with its first difference, the two being 
acked in the same store. The registers now contain all that 
; required for the linear interpolation and this information 
as all been obtained in one revolution of the disk. The 
rocess is performed by a series of instructions interspersed 
etween the tabulated values of X¥ and this interspersion is 
1ost easily arranged by first putting the table entries into 
onsecutive stores and then reorganizing them, as a pre- 
minary part of the calculation. 
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Riss Crystallographic programmes for a computer 


When care has been taken to make the programme fast 
the output time becomes an appreciable part of the total 
computing time. In the structure factor programme com- 
puting and printing are suppressed when the reflection would 
lie outside the unit sphere. If B is known to be zero, B and 
Fare not printed (however, if B is printed it acts as a partial 
check on the computed value of A). 

For Fourier synthesis separate programmes have been 
written for the one- and two-dimensional cases, but there is 
as yet no three-dimensional programme. 

The one-dimensional programme operates in a straight- 
forward manner using a cosine table which it prepares at 
intervals corresponding to the chosen division of the unit 
cell. The two-dimensional programme, which was written 
by way of experiment, uses trigonometrical formulae of the 
type sin(Ax + ky) rather than using two stages of one- 
dimensional synthesis. The method used has been shown !) 
to be the slower and although it is adequately fast for our 
present purposes we shall use the other method for the 
three-dimensional case. 

The structure factor and two-dimensional Fourier pro- 
grammes are used to find by successive approximation the 
best set of atomic co-ordinates for a projection of a crystal 
structure. Each cycle of refinement involves the calculation 
of structure factors, the agreement factor R, the differences 
between the observed and calculated structure factors, and a 
difference synthesis. To complete this cycle a programme 
has been written which will read in a tape with F (observed) 
punched on it together with the tape actually produced by 
the structure factor programme containing F (calculated). 
When both of these tapes have been read in 


2|| Fol = [Fell 
=| F,| 


—— 


is calculated, where Fo is the value of Fo scaled to be com- 
parable with F,. In addition Fy — F, is printed, where Fo is 
given the sign of F.., the quantities required for the difference 
synthesis to be computed. 

In the structure factor programme speed has been gained 
at the expense of an extravagant use of storage space. This 
limits the number of atoms and the number of types of atom 
that can be handled in our case to, say, 325 atoms of one 
type or 200 atoms of six types, but this is sufficient for any 
of the smaller structures for which general (all space group) 
programmes are suitable [Trueblood, in reference (4)]. 

The programmes have been used to refine the co-ordinates 
in a projection of the structure of sodium formaldeyde 
bisulphite. For the 28 atoms (one of each pair of centro- 
symmetrically related atoms) of four types, the 64 structure 
factors were calculated in about 6 minutes and the difference 
synthesis calculated at 297 points in about 40 minutes. 
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Stresses and strains in an infinite elastic sheet under a tension 
applied at two rigid pairs of square jaws 


By DAPHNE G. PADFIELD, Ph.D., and Nora B. DICKINSON, B.Sc., Wool Industries Research Association, Leeds 
[Paper first received 14 May, 1957, and in final form 10 April, 1958] 


First-order elastic theory of plane stresses is applied numerically to obtain estimates. of the 
stresses in an infinite elastic sheet stretched in its own plane by forces applied at two rigid jaws. 
A similar method is applied (largely for purposes of comparison) to the stress in a strip tensioned 
by forces applied at rigid jaws extending across the whole width of the strip. As contrasted with 
relaxation methods, the procedure is well-suited to use with electronic computers. 


1. INTRODUCTION 


Tests of two types are commonly used to find the breakage 
strength of fabrics: in the first type a straight strip of material 
is subjected to a load by means of jaws at the two ends of 
the strip, each pair of jaws extending across the whole width 
of the strip; while in the second type (grab test) the load is 
applied at small jaws placed well in from the edges of a 
larger area of fabric. No theory has yet been found which 
adequately relates the results of the two types of test: even 
if the load-extension curve as well as the breakage point is 
known for one kind of test, neither the breakage point nor 
the load-extension curve can be reliably predicted for the 
other kind. 

It was as a preliminary to tackling this question that the 
present work was undertaken, though the results as they 
stand are far from being directly applicable to fabric strength 
tests, in which large deformations occur and in which the 
materials are anything but isotropic. 


2. APPROXIMATION TO THE STRESSES IN THE 
IDEALIZED GRAB TEST 


Consider the stresses which arise in samples under test 
when the deformations are sufficiently small for the ordinary 
linear equations of elasticity theory to be used. It is assumed 
that the sample may be considered to be a plane sheet of 


+l unit —4 
' 


r 3 units 
\ 


Fig. 1. Grab test 
homogeneous, isotropic material of modulus E and Poisson’s 
ratio v. The forces exerted by the jaws are approximated 
in the case of the grab test, by a system of point forces. ' Two 
variations of a symmetrical system with five unknowns were 
investigated, namely, the system PoP,P,P;P, shown in 
Fig. 1(a) and the system PoP,P,P;P.¢ of Fig. 1(b). The 
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original idea behind the choice of the forces was to keey: 
them as far away as possible from the region between the} 
two jaws in which we are primarily interested, so that thy 
irregularities caused by these point discontinuities would bi 
unimportant, and the stresses predicted for the region betwee 
the jaws be a good approximation to the actual values (as is 
Saint-Venant’s principle). Subsequently, to improve thé] 
fit, two versions of the seven-force system P)—P, were worked 
out: the first, a linear combination (one extra unknow 
therefore) of the two five-force solutions, the second, am 
independent treatment starting from the seven unknown} 
Poo Pe 

The geometrical proportions were chosen to correspond} 
to a common practical set-up, jaws one unit square situated 


three units apart; the edges of the sample were supposed td 
be sufficiently far away from the jaws for the stresses to be 
the same as for an infinite sheet of material. 

Five conditions are necessary to complete the formulatioz! 
of the five-force problem. The following set of condition ' 
was imposed: 


(i) Po + 2P,; + 2P, = applied load P; 

(ii and iii) the displacements of points 4, B, C in th# 
x-direction are equal; 

(iv) the y-displacement of point A is zero; 

(v) the y-displacement of point D is zero. 

For the combination of the two five-force solutions th 
additional boundary condition was 
/ (vi) the y-displacement of point E is zero; 
and for the full seven-force problem we also put 

(vii) the x-displacement of point E equal to that of A, 2 
and C. 


All these conditions are, of course, necessarily satisfied i 
the actual experimental conditions if there is no slipping. 

The stresses at any point (x,, y) due to a point force P 
the origin in the direction of the x-axis are given by: 


_ P[-G+»x | 2 + yxy? } 
~*~ dnl. x2 + y2 (x? + y?)? ( 
fe E —v)x 20 + v)xy? 
~ An |x? + y? (x? + y?)? 4 


(see Timoshenko*), and the corresponding strains are give 
bysep == (0, — voy/E; €, = (0, —vo,)/E. The extensio 
along the line (x, y) to (x;, y) can therefore be evaluated 


x1 


extension = [ €, dx 


x0 


* TIMOSHENKO. Theory of Elasticity, p. 


111 (N Yor 
McGraw-Hill Book Co. Inc., 1934). he 
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which can be written explicitly bu ab. By fi 
\O \o 
- a 
PA+v[G—v, (xt +y Poooo Seo SOSCSS 
= = log SET Tae: ag = oS o oo 
2nE 4 Me a | ++ 
Senza Snes (3) Bi & Ay 
Ae Mn at Or aA 0 fe y’) ao zy ot ne 
Gs 2) S.5. 5.5 O16 oO Moiwre 
and similarly, extensions in the y-direction take the form aed ° ° ° ° ° 2 2 2 
q POi+v 1+yv x xy 
[ow ( ye Hess wee) (4) eo oe 
By simple addition of such expressions as these, the dis- i 2 2 S 2 a . a es eS 
placements of points 4, B, C, D, etc., can be expressed as br ae rs lar i er a a pes ae 
linear expressions in Po, P;. ... Take the first five-force 
problem. Conditions (i)-(v) give the five linear equations a, a. Bo 
in five unknowns, so we can solve for Po—P4 in terms of 2, Zt Be oad 
and hence evaluate the stresses and strains at any point in Serene z Ss za Soe = = 
terms of the applied force P. The other versions of the l ars Bre 
grab-problem calculation follow a similar course. 
Solutions of the equations for Po—P,¢ are tabulated for les pfs Ri & pu Ea 
3 . loo} 
values of v between 0 and 0:8 in Table 1, and corresponding ree = 3 A 2 = 3 = So eae 
values of the stresses, putting P = 1, in Tables 2 and 3. Oe i i Be ees ore 
The seven-force solution should, of course, be the most [eel hea aS Serena os 
accurate, but the values in the other cases are useful as an . Set Mera eek 
aid to estimating the probable accuracy of this solution (see ZAShssegag gx 
Section 4). +4 ERRAARRAAAAAAA 
S ScoSeooeooe oo osc Oo 
< SE Soe Sry ee ene 
3. APPROXIMATION TO THE STRESSES DURING $ : 
A STRIP TEST So o 2, PR 
diy S a 3 om 
In the case of a strip, the previous boundary conditions at 3 BooOo°o ScooSoossS 
infinity (o,.—> 0, o, — 0, 7, > 0) are replaced by boundary ° S oo 
i 2 Deca S a ++ 
conditions at the edge of the strip, namely, o, = 7,, = 0 at 2 
the edges. s [Ua Beas -Vn © pouemt-Y il -aeieaal === 
With the idea of preserving a close correspondence with 7) g a = = % 2 re Sa 
the grab case, the following procedure was adopted. Forces ; SONS 2 [OLS OOS See ae 
PoP;P>PsP.¢ were found exactly as for the grab problem x alc Wee caer ake ai ward ees Rr. 
except for one modification: condition (vy) was replaced by = 
G5 they displ int Bi - eC ere eee ee 
Vv) the y-displacement of point B is zero. CSASCHSHHOTDMOA SD 
: : SARAARANNARKRANAARA 
On to this system of point forces was superposed a con- Pa eS Sead ae ac a eo oY 1D 
tinuous polynomial-type distribution, the coefficients being SET eos tahoae petal. ath ate oat ea 
chosen so as to cancel out the values of o,, 7,, produced by i 
the point forces along the edges of the strip, while not dis- a a oe 
turbing conditions (i)-(v’). 3 3 3 S 
> 
We cannot, of course, expect to make the resultant o, = 0 AY Peete Neer ev eo ere et SNS) 
3 oO o (ya) 
and 7,, = 0 at all points along the edges, but are content l me She acts 
with satisfying these conditions at the points L, M, N in 
Fig. 2. It was found, however, that the force P;, being rather es 5 S ra a al eA = 
See aya (>) Sy) (en) Aa 
boi plus See ys oe 
! (PQ) Pa PT TT $e FF 
L MN RR! 
WERENT Po CORR R eee a Oo 
FTAStTOUASASS 
B P CPAAAARAAAKRARSE 
| pd ek Ac ues Gry ORs a La Gs OUBN GON 
A units PO t+ttt4¢4+4+4+4+4+4++4+ 
| 
Fig. 2. Strip test : 
a DOS ORS ESS NL | 
close to the edge AC of the jaws, created an effect somewhat e Be ie ie wi eee ST Oe te ee | 
difficult to compensate by the polynomial. For this reason ~Sserrreeseeso 


we also superposed a force Q on top of P; at the same time 
as fitting the polynomial. The force Q largely cancelled out 
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the force Ps and led to smoother values of the stresses near 
the jaws: it also allowed us to fit one extra condition, namely, 
Ty = 0 at the point R shown in Fig. 2. The polynomial 
‘orms used were: 


as pe nee ; 
Din (shes Cee POBNDY = 


where @ = a,x? + by? 


+ayx* + b,x? es + oy 

tagx® + b3xty a+ oy + dzy 

tayx® + byx®y? + egx4y4 + es 
and, in order to/satisfy the elastic equation 


\d4d ae - 
x4 2 Sey nes = 0 


6 + e4y8 


(6) 


the coefficients are related by the equations 


b, =~ 3(4, + ¢,); 15a; = — (2b, + ¢); 
15d, St oaR (b; aa 2c3); 10a4 ie get (Sb, ae Cis 
5d, SS (Sb, a 4c4); 70e4 = 3¢4 + Sb, (7) 


The conditions stated are sufficient to determine the 
coefficients uniquely, whence the stresses at all points of the 
strip can be evaluated. Since it was anticipated that the 
stresses in a narrow strip would differ little from a uniform 
stress system ($ = ky”, o, = 2k, o, = T,, = 0), a wide strip, 
with width equal to half the length, was chosen for the 
calculations. 

Stresses were evaluated for v = 0:2, 0:4, 0-6, 0:8 and 
the results are shown in Table 4. 


4. DISCUSSION OF ACCURACY OF RESULTS 


We must now assess the errors which are likely to spring 
from the representation of the forces at the jaws of the testing 
equipment by a system of point forces at arbitrarily chosen 
points within the jaw area. 

In the case of the strip test, an estimate can be made from 

the difference between the applied load P and the calculated 
value of f{o,dy along any line across the strip, which should 
be equal to P for all sections. The discrepancy varies from 
about 4% at v = 0-2 to about 15% atv =.0-8. It is possible, 
of course, to apply a corresponding correction factor to all 
calculated stresses so that the integral across at least one 
section has the correct value. This has been done, but even 
then a residual discrepancy for other sections of about 24% 
at vy = 0:2 to 54% at vy = 0°8 remains. One might guess at 
intermediate figures, say 3° of the maximum stress at 
y—0-:2 to 10% at v=0-8 as the estimate of probable 
error in the calculated strip values of o,. There is no obvious 
way of estimating the errors of o, and Tx, Values; but these 
values are, in any case, not big enough to have much effect 
on the quantity in which we are primarily interested, namely, 
the tendency to break, at least if the classical methods of 
estimation from strain energy, etc., are valid. _ 
“Within a single strip test calculation, the values of o,. 
differ from. one another by about 3% at v = 0-2 and by 
25% at v= 0-8. Thus.at y= 0-2, the departures from 
o, = constant are no greater than the probable error, but at 
y = 0:8 the overall variations of o,. are at least qualitatively 
significant. 

Turning to the grab test, examination of [ o,dy will tell 
us nothing since it is bound to be equal to P. We can 
therefore only compare results given by different systems 
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of forces, with a backward look at the strip problem where 
comparison is possible. 

The discrepancy between the two five-force grab calcula- 
tions of o, ranges from 4-15% at v = 0-2 to 30-50% at 
v = 0:6 (values for vy = 0-8 were not worked out). The 
discrepancy between the two seven-force calculations (one 
with six, the other with seven relevant boundary conditions 
including total force equal to P) was from 0-4°% at vy = 0:2 
to 0-64°% at v = 0-6. One hestitates to accept these latter 
figures unquestioningly as estimates of accuracy, since the 
choice both of the positions of the applied forces and of six 
of the seven boundary conditions were identical. Let us 
therefore make a comparison with the strip problem. The 
argument—one can hardly call it a justification—for doing 
this would run roughly as follows. 

The mode of calculating strip stresses involves similar 
approximations in the first step to those involved in a grab 
calculation. Since the methods and postulates are similar, 
the consequent error will be of the same order of magnitude 
provided the number of boundary conditions satisfied in the 
two cases is the same. A solution with a greater number of 
boundary conditions satisfied should be more accurate than 
a solution with a lower number. The fact that the strip test 
calculations involve two different kinds of approximation, 
point force and polynomial, the errors of which are unlikely 
to cancel out, makes it probable that the accuracy of a grab 
calculation will be greater than that of a strip calculation 
with the same number of point forces. The accuracy estimates 
we have made above of 3°% of the maximum stress at 0:2 
and 10% at 0-8 (or, say, 8% at 0-6) refer to a strip problem 
with twelve boundary conditions satisfied, namely, (1) to (v) 
and o, = Tx, = Oat L, M, Nand o, = Oat R. The seven- 
force grab problem satisfied conditions (i) to (vii) and also 
Ox, Oy, Txy->0 as x-> 00 and as y-> oo. If we regard 
this as thirteen conditions we should expect the error of the 
seven-force grab problem to be something like or less than 
the error of the twelve-condition strip problem, i.e. of the 
order of 3% atv = 0:2to8% at0-6. These second estimates 
are close enough to the upper limits of the first, namely, 
4 to 64% to be accepted as a rough guide to the reliability 
of the calculated values ofc, in the grab problem. The 
values of o,, Tx, are again small enough to be ignored in first 
approximation for strength estimates. 


5. CHECK BY RELAXATION 


A final test of accuracy can be obtained by relaxing the 
problem. This was done for the single case v = 0-8 for the 
grab problem. (This case was chosen because the values of 
Po-P¢ are particularly large and erratic, and the point-force 
approximation seems therefore particularly liable to large 
errors.) As the boundary conditions essentially refer to dis- 
placements—the displacements of all points on the edges of 
the square jaws are equal—it is most convenient to use the 
equations of elasticity in the form: 


(esse 02u 2n 

2 i 2s 8 
TREE Sh Aare Ihe se 8) 
1—v d2v 02u 
: 2 | ees 2 9 
Pape ee aay 0) 


where uw and v are the components of displacement (see, for 
example, Allen*). 


* ALLEN. 


Relaxation Methods, p. 125 (Lgndon: McGraw-Hill 
Ltd., 1954). 
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A good starting point for the relaxation calculation is given 
by the values of u, v calculated from our point-force approxi- 
mation, so the labour of relaxation is not too formidable. 
However, the mixing of the two methods (point force and 
relaxation) has two demerits. First, the evaluation of u, v at 
all net points from the point forces, ie. from algebraic 
expressions of the forms 


CEA) Slips ee Coe Gi 
2nE ¥| ae e+O-me ; 
HEE DO ee a 
@ xP +0 —yP XP Dp)" ee 
(1 +)? (x — xy; 
and 4nE y E —xy +y¥ er 


+ 


Ue ac 
J 


Os) yj) 


is distinctly tedious using a desk calculating machine. 
Secondly, the relaxation solution in terms of displacements is 
far less convenient for the evaluation of stresses than the 
original point force solution, and any values derived for the 
stresses from the displacements will be of a lower order of 
reliability than that of the displacements themselves, since a 
process of numerical differentiation is involved. 


For these reasons the mixed method does not entirely 


recommend itself as a general technique; it is introduced 
here purely for checking purposes. One may remark in 
passing that if a range of problems were being tackled, the 
use of an electronic machine—especially with an autocode 
programme—would reduce the labour of the point-force 
method, and of the calculation of u, v if required, to very 
modest proportions. 

For the relaxation a square net was used of side equal to 
a quarter of a unit, i.e. a quarter of the linear dimensions of 
the square jaws, or one-twelfth of the distance between the 
jaws. In the immediate “frame” round the jaws large 
residuals are to be expected from the point-force solution 
values. Elsewhere the residuals differ from zero only because 
of effects due to the net size, i.e. due to neglect of fourth 
and higher order derivatives of u,v in the finite difference 
formulae. These false residuals enable a useful estimate to 
be made of the level of relaxation which is profitable with a 
given net size. For displacement d of each pair of jaws, 
i.e. for a separation of 2d, the largest false residual at any 
point in front of the jaws (x < 1) was 0-017d; the largest 
behind the front edge of the jaws was 0:65d but this could 
be directly attributed to a nearby point force. When large 
false residuals directly attributable to neighbouring point 
forces were disregarded, the greatest remaining false residuals 
were approximately 0-Id. This compares with residuals of 
up to 10:5d in the “frame,” see Table 5. With a quarter- 
unit net, it therefore seemed reasonable to pursue the process 
of relaxation until the residuals at points in front of or level 
with the front edge of the jaws were less than 0:03d, and 
those behind this level were less than 0-2d. 

In this relaxation no changes were required in the u,v 
values at any of the points at which values of o,, 0, were 
quoted in Table 3, ic. for any of the points (0, 0)-(1, 1). 
Behind the jaws, of course, and particularly in the ‘‘frame,” 
large changes were necessary, e.g. original values of 
(—2-48d, 3-17d) at the point (23, 4) were replaced by 
(0: 24d, 0-75d): but it was precisely because this region was of 
no interest as far as the strength tests were concerned that 
the point forces were applied nearby. 
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Finally, a one-eighth unit net was considered in the regio 
x < 14 and the residuals were reduced to <0-Old. Thi 
still left the (u,v) values at the points (0, 0)-(, 1) almos 
undisturbed: only at the points (1, 0), (1,4) and (I, 1) wer 
values altered, and of these the change at the first point (o 
the axis of symmetry) may well be due to a high fourtt 
derivative and corresponding false residual. The necessary 
changes at the other two points were from (0-608, —0-227 
and (0-231, —0-349) to (0-608 —0-242) and (0: 228, —0-341 
respectively in units of d. 


Table 5. Residuals in the ‘‘frame” of points adjacent to th 
jaws using values of u, v obtained in the point-force approxi 
mation 


(v = 0:8: 4 unit net: du, dv in units of d) 


Point x, y ou 5v 
14,0 —0:035 » 0 
14,4 —0-011 +0-026 
14,4 +0-049 —0-013 

4, 3 +0-015 —0-007 
th: —0-014 +0-173 
13, 3 =0:715 +0-671 
228 —1-069 APL PA We 
24, 3 +4-177 —0-230 
24, +1-030 = 102522 

rey a —3-948 —0-982 
aes. +0-114 +1-260 
Dae +4-499 Seve) 
23-0 0-950 0 


At points nearer the jaws than the set (0, 0)-(1, 1) rathe: 
larger modifications were involved, e.g. the values at (14, 0) 
(14, 4), (4, 4), (14, 1), were changed from (0-920, 0), (0-885: 
—0-077), (0-768, —0-166), (0-258, —0-318), to (0-906, 0} 
(0-877, —0-:077), (0:783, —0-199), (0-237, —0-287) respec: 
tively. 

In view of these findings it is apparent that the greates 
errors in the quoted values of o,, 0, (Table 3) are to be 
expected at 4 — 1. 

Prior to numerical differentiation, a smoothing operation 
was performed on each of the sets of collinear points to b 
used in the differentiations; the smoothing consisted o 
further relaxation at these points so that all the correspondin 
residuals were less than 0-001d. Numerical differentiations 
were then carried out on the differences between the point 
force values and the smoothed relaxation values of u,v a 
(1,0), d,4, G4, C, 1) so, that the «,, €, and hence th 
Ox, 0, Corrections could be deduced. By this means th 
errors in the point-force values of o,, a, were found to be 
(0-039, 0-019), (0-072, 0-116), (—0-026, —0-016), (0-117, 
0-119) respectively. The greatest of these, 0-119, is 9:7% 
of the greatest stress value, 1-231. We conclude that the 
error estimate of 10% made in Section 4 is realistic, and there 
is no ground for supposing that the other error estimates are 
any less satisfactory. 
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The dielectric constant of zinc oxide over a range of frequencies 


By N. H. LANGTon, Ph.D., A.M.Brit.L.R.E., A.Inst.P., and D. MatrHews, A.N.C.R.T., D.P.I., The National 
College of Rubber Technology, Northern Polytechnic, Holloway Road, London, N.7 


[Paper first received 28 March, and in final form 19 May, 1958] 


The dielectric constant of a colloidal zinc oxide has been measured by the method of mixtures, 
using cyclohexanol and ethyl acetate as the suspending liquids. The dielectric constant has been 
found to be 10-4 over the frequency range 105 kc/s to 10 Mc/s, falling to 9-4 at 25 Mc/s, measure- 
ments being made at 25° C with an accuracy of 2:3°%. The dielectric constant of an acicular zinc 
oxide has been found to have an apparent value of about 40, over the frequency range 100 kc/s 
to 10 Mc/s. Results are given of dielectric constant measurements on mixtures of cyclohexanol 
and ethyl acetate, which appear to disobey Lichteneker’s empirical logarithmic mixing rule. 


| 


| 
{ 
\ INTRODUCTION 


Juring an investigation into a proposed electrical method of 
aeasuring the degree of dispersion of zinc oxide particles in 
ubber, the value of the dielectric constant of zinc oxide over 
_ range of frequencies from 100 kc/s or lower to 25 Mc/s 
vas required. A few figures are available, but the values given 
ary widely from K = 3-5“) to K = 36:5.2 The frequency 
t which measurements were made is often not given. Some 
vork has been done in Russia at a frequency of 3800 Mc/s, 
ut this is rather outside the scope of the present work. 
Measurements at a frequency of | kc/s have been made by 
Vujamoto and his co-workers,“ the value found for the 
lielectric constant of zinc oxide being 11-0, at a temperature 
15°C. No details are given in any of these references of 
he particle size or shape of the zinc oxides used. 

Some measurements made by the authors on nominally 
dentical mixes of zinc oxide and rubber show that different 
rades of zinc oxide give mixes of greatly differing dielectric 
onstants, a mix containing an acicular zinc oxide having a 
ligher dielectric constant than an otherwise identical mix 
nade with a colloidal zinc oxide. This paper describes some 
xperiments carried out to measure the dielectric constant of 
inc oxide particles of known shape and size over the 
requency range quoted above. 

One of the main difficulties in measuring this property of 
inc oxide is that it is almost impossible to obtain large 
tystals of the pure material. Crystals of cylindrical shape, 
ibout 1 in. in diameter by a few millimetres thick, were 
equired for the capacitor used. Such blanks cannot be 
nade directly, and compressing the powder is unsatisfactory 
xecause it is impossible to remove all the voids, and the 
yresence of even a small quantity of air would lead to 
ignificant errors in the results. Zinc oxide occurs naturally 
n the massive crystalline form as the mineral zincite, but this 
is usually contaminated with traces of iron and other 
slements. For these reasons, the dielectric constant is 
measured by the method of mixtures.©) 


METHOD 


The zinc oxide powder is suspended in an inactive liquid of 
nown dielectric constant, and the dielectric constant of the 
‘esulting suspension is determined. By using a pair of 
mutually soluble inactive liquids, and altering the proportions 
xf each, a range of dielectric constants can be covered. Ifa 
solution is obtained which shows no change of dielectric 
sonstant when zinc oxide is added, the dielectric constant of 
he liquid is the same as that of the zinc oxide. 


APPARATUS 


The test capacitor cell used for determining the dielectric 
sonstants of the liquids and suspensions was specially con- 
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structed to plug directly into the capacitor terminal sockets 
of a Marconi Q-meter, model 329E, thus eliminating errors 
due to the movement of flexible leads. It consisted of a 
cylindrical brass tube, silver plated inside and bonded with 
Araldite resin to a piece of + in. Tufnol sheet. In the centre 
of this was mounted the second electrode, a piece of silver 
plated brass rod, this being bonded with Araldite to the 
Tufnol. Leads, of 13 gauge brass wire, were taken from 
each electrode to a pair of plugs at the side of the base 
spaced to plug directly into the Q-meter (see Fig. 1). 


i: 


Bigs l: 


Test capacitor cell 


Before use, the effective capacity of the empty cell was 
found by using two liquids of known dielectric constant: 
benzene, of ‘Analytical Reagent’ quality, supplied by 
British Drug Houses Ltd., and a specially purified sample of 
carbon tetrachloride. The sample of benzene was dried for 
a week over fused calcium chloride before use, whilst the 
carbon tetrachloride was a dry sample. Calibration measure- 
ments on the cell were made at a temperature of 25° C. The 
dielectric constant of benzene has been determined by 
Hartshorn and his co-workers, using a number of different 
specimens. A sample of benzene from the same source as 
that used in these experiments has a dielectric constant of 
2:2890 at a temperature of 20°C with a temperature 
coefficient of —0-0020° C—!, in the ‘‘as received”’, condition. 
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After redistillation and drying for a week the dielectric 
constant has a value of 2°2850 at a temperature of 20° C 
and a temperature coefficient of —0-00185° C'. Accord- 
ingly a value of 2-276 was taken for the dielectric constant 
of benzene at a temperature of 25° C, the possible error being 
of the order of 0:2%. 

The dielectric constant of carbon tetrachloride at 25° C is 
2-17.” All these values remain constant over the required 
frequency range. A number of measurements were made to 
calibrate the cell, which was found to have an effective 
capacity of 1-33 pF, the accuracy of measurement being 
a Ooy/5e 

; EXPERIMENTAL 


As the approximate value of the dielectric constant of the 
zinc oxide was not known, a range of liquids was selected 
and their dielectric constants were found at a frequency of 
1 Mc/s and at 25°C. By this means a dielectric constant 
range from approximately 2 to 40 was covered. Many 
organic liquids of high dielectric constant, for example 
alcohols and ketones, were found to be unsuitable as their 
electrical conductivities were too great. Eventually it was 
found that the dielectric constant of the colloidal zinc oxide 
lay between those of cyclohexanol and ethyl acetate. These 
two liquids were found to be mutually soluble in all pro- 
portions, and to have no chemical action on the zinc oxide, 
which was satisfactorily wetted by them. 

Six different mixtures of cyclohexanol and ethyl acetate 
were made up containing from 0 to 100% by volume of 
ethyl acetate in steps of 20%. After mixing they were 
stored in well stoppered bottles. As a check on the com- 
position of the mixtures the refractive indices were measured 
using an Abbé refractometer, and a graph plotted of refractive 
index against the percentage of one component, giving a 
smooth curve. Any wrongly made solution was thus easily 
discovered, and by measuring the refractive indices of the 
liquids at various times during the experimental work and 
comparing the values obtained with the originals, any 
evaporation of the components could be detected. 

The samples of zinc oxide were very carefully dried before 
use to remove moisture, the presence of which could other- 
wise cause large errors in the measured dielectric constant 
values. Each sample was spread over a piece of clean paper, 
the depth of the layer not exceeding 3g in., and dried in an 
electric oven for at least 12 h at 120°C. The samples were 
then transferred to dry jars and left open in a dessicator to 
cool before use. 

25 ml. portions of the solutions were taken and mixed with 
4 g of the dried zinc oxide by shaking in the special irradiation 
tube. The mixture after being roughly dispersed was sub- 
jected to ultrasonic irradiation at a frequency of 1 Mc/s for 
1h to remove occluded air and to aid-dispersion. The 
ultrasonic power in the tube was measured calorimetrically 
and found to be 5 W, the method of irradiation and apparatus 
being the same as that used by Langton and Vaughan, ®) 
when measuring the ultrasonic degradation of polystyrene. 
After irradiation, the zinc oxide mixtures were transferred to 
tightly stoppered storage bottles until required. 

Control experiments were carried out to determine whether 
the dielectric constants of the ethyl acetate and cyclohexanol 
were affected by the ultrasonic irradiation, but no effect 
could be found after irradiation for | h. 

Throughout these experiments a colloidal grade of zinc 
oxide, supplied by Amalgamated Oxides (1939) Ltd., was 
used. This particular sample was stated by the makers to 
have a particle size of 0-085 uw, measured by an air 
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permeability method. Very few acicular particles are present) 
as can be seen from the electron micrograph (Fig. 2). , 

An attempt was made to measure the dielectric constan 
of an acicular zinc oxide of particle size 0-845 jz supplied by 
the same company, but the dielectric constant of this was 
found to be greater than that of the cyclohexanol over th 


Fig. 2. Colloidal zinc oxide 


whole frequency range. An experiment was carried out using} 
a sample of nitrobenzene, the dielectric constant of which 
was found to be 37:1. On adding zinc oxide a small rise in 


dielectric constant was noted, measurements being made at 
frequencies of 100 kc/s, 1 Mc/s and 10 Mc/s, suggesting a 
value of about 40 for the apparent dielectric constant of the’ 


acicular zinc oxide. An electron micrograph showing the 
crystal form of the acicular zinc oxide is shown in Fig. 3. 


Fig. 3. Acicular zine oxide 


Since no suitable liquid of sufficiently high dielectric constant } 
was available, it was not possible to use the method of| 
mixtures to determine the dielectric constant of the acicular 
oxide with greater accuracy. 

The ethyl acetate used throughout the experiments was of 
“Analytical Reagent’ quality, and the cyclohexanol of 
“Laboratory Reagent” quality, supplied by the General 
Chemical and Pharmaceutical Company Ltd. Both were 
used in the “‘as received” condition, without any drying or 
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ther treatment. The purity of the cyclohexanol was checked 
y infra-red methods, but no impurity could be discovered. 
t will be noted, however, that since the dielectric constant 
f the zinc oxide is found by a null method, the presence of 
npurities in the liquids, providing they do not give rise to 
hemical reactions, would not affect the accuracy of the 
yeasurements. ; 

After preparation, samples of the liquids and zinc oxide 
uspensions were placed in tightly corked test tubes and left 
1a thermostat at 25°C. The test cell was conditioned before 
ach measurement by being placed in a deep empty beaker 
eld in the thermostat bath for at least 15 min. The dielectric 
onstant measurements on each sample were completed 
jithin 30s of its being removed from the thermostat, during 
yhich time only a negligible fall of temperature took place. 
for each reading*the cell was very carefully filled to the 
rim to minimize errors caused by changes in the height of 
he electrolyte. 


RESULTS 


The dielectric constant for each liquid mixture was noted, 
ogether with that of the corresponding zinc oxide suspension 
t each different frequency, measurements being made at 11 
lifferent frequencies over the range 50 kc/s to 25 Mc/s. For 
ach frequency a graph was drawn of the dielectric constants 
. of the liquid mixtures, against the difference in dielectric 
onstant dK on adding zinc oxide. As an example, Fig. 4 
ives the results obtained at a frequency of 800 ke/s. The 
joint at which the curve crosses the axis 6K = 0 gives the 
lielectric constant of the zinc oxide, in this case 10°4. 

In addition, results were obtained for the dielectric constants 
f cyclohexanol and ethyl acetate over the frequency range, 
nd these, with the values found for colloidal zinc oxide, are 


+O-2 


Dielectric constant K 


-0-4 


Dielectric constant 
NR 


} 
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Aa IO Oo. 


Fig. 5. Variation of dielectric constant with frequency 
A, cyclohexanol; B, colloidal zinc oxide; C, ethyl acetate. 
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The dielectric constant of zinc oxide over a range of frequencies 


shown graphically in Fig. 5. It will be noted that no results 
are given for the zinc oxide below a frequency of 105 kc/s 
as the Q-meter was insufficiently sensitive at this frequency 
to give a reliable figure. The dielectric constant of zinc oxide 
is shown to have a value of 10-4 over the frequency range 
0-1 Mc/s to about 10 Mc/s. As the frequency rises above 
this value the dielectric constant falls off, having a value of 
9:4 at 25 Mc/s, all dielectric constant values having an 
accuracy of +2:3%. In comparison, the acicular type of 
zinc oxide appears to have a dielectric constant of the order 
of 40 over the frequency range 0-1 to 10 Mc/s. 

The dielectric constant of the cyclohexanol used in the ex- 
periments is shown to have a value of 16-5 over the frequency 
range 50 kc/s to 8 Mc/s, the value falling as the frequency is 
increased to 25 Mc/s. The dielectric constant of the ethyl 
acetate falls steadily with increasing frequency from a value 
of 6:12 at 50 kc/s to 5:78 at 25 Mc/s. 

Published data gives the dielectric constant of ethyl acetate 
as 6°4 at 20° C and at 10 kc/s," that of cyclohexanol being 
15-0 at 25° C and at 10 ke/s.(191) 


DISCUSSION 


The dielectric constants of the colloidal and acicular types 
of zinc oxide differ greatly. Although that of the acicular 
type is not known accurately, it seems to have a value about 
four times that of the colloidal oxide.. Both samples of the 
oxide were very carefully dried before use, under similar 
conditions, suggesting that the change in dielectric constant 
is due to some difference between the oxides themselves. The 
authors have noted that the loss tangent of rubber mixes 
loaded with acicular zinc oxide is greater than that of colloidal 
zinc oxide mixes. 

The difference between the dielectric constant values found 
here for the two types of zinc oxide may be due to the 
differences in the particle shape. There are, however, other 
factors which may have caused this difference. Zinc oxide 
is known to be a non-stoichiometric substance, with an 
unstable oxygen content. It also has semi-conducting 
properties which are not constant. The high dielectric 
constant value for the acicular zinc oxide may be due to a 
conductivity effect. It seems possible that the different values 
for the dielectric constant of zinc oxide found by previous 
workers were due to the use of different, unspecified types of 
zinc oxide. 

Application of Lichteneker’s equation to mixtures of ethyl 
acetate, and cyclohexanol. The dielectric constants of 
mixtures of varying proportions of these two liquids have 
been measured at a temperature of 25° C. In calculating the 
dielectric constant of a mixed dielectric, Lichteneker’s 
empirical logarithmic mixing rule“ is often employed. Thus, 


log-Ki=-p; log.K, +p, log Ko... + p,los.K, 


where K is the dielectric constant of the final mixture, 
K,, Ko,...K, are the dielectric constants of the Ist, 
2nd ...nth components, p;, Po, ...P, are the proportions 
by volume of these components, such that pj +p, +... 
BP rwer ke 

This rule is put forward for uniform dispersions of the 
components. It was assumed that a good dispersion of 
ethyl acetate and cyclohexanol could be obtained since the 
two liquids were perfectly miscible, and as a matter of 
interest, a check was made between the values expected from 
Lichteneker’s rule, and the experimental results, assuming 
the dielectric constants of the pure liquids. The results of 
this comparison are shown in Fig. 6, from which it can be 
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seen that the two liquids do not appear to conform to 
Lichteneker’s rule. 
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Fig. 6. The application of Lichteneker’s equation to 
mixtures of cyclohexanol and ethyl acetate 
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A solution is given to the problem of heat conduction in a solid cylinder of infinite length, the 


surface of which is subjected to a thermal flux which decreases linearly with time. 


This solution 


may be used to determine the transient temperatures occurring at the interface or at any point 
within two concentric cylinders which are in contact, one of which is rotating relative to the 


other. 


The solution is of importance as it permits calculation of the temperatures reached in 


the lining and drum of a band brake during a brake application. Typical curves illustrating the 
agreement between transient temperatures determined theoretically and experimentally at the 
surface of the cylinder are given. 


A type of brake used extensively in the industrial field is the 
band brake which consists essentially of a strip of friction 
material fastened. to a thin flexible metal backing member. 
This strip is then “wrapped round” the periphery of the 
body, the motion of which requires to be retarded. Provided 
the brake lining material is of sufficient width, the flow of 
heat produced during a brake application can be considered 
to be radial, with the boundary conditions of a thermal flux 
O(1 — at) at the surface of contact and a finite temperature 
at the axis of the cylinder. The term Q(1 — at) where QO 
and a are constants and f¢ is time (in seconds), assumes that 
the deceleration during a single brake application is uniform. 

The method of analysis used is based on the Laplace 
transformation and enables the temperature distribution in 
a band brake to be determined. Extending this analysis to 
the case of a cylinder of large radius reduces the solution to 
that of the flow of heat through an infinite slab in which 
one face is subjected to a thermal flux which decreases 
linearly with time.“ 


THE EQUATIONS AND THEIR FORMAL SOLUTION 


Consider the radial flow of heat in a circular cylinder 
0< r< d infinite in length which is initially at zero tempera- 
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ture and such that there is a thermal flux O(1 — af) at th 
cylinder surface of radius r= d. The temperature of th 
cylinder is finite at the axis r= 0. If v, K and k denote th 
temperature, thermal conductivity and diffusivity respectively 
we require the solution of the partial differential equatio: 


wy  1w  1dw 
we | r or. k Ot 


0° 0<% <0 ~tS tee 


subject to the boundary conditions 
2 == Oi when i— 0 OTe". (2 
K(ov/dr) = O(1 — at) forr = d, t>0 (3 

and v is to remain finite as r > 0 for t>0. 


Introducing the Laplace transform defined as 


v= i exp (—pr)u(r, f)dt 
0 


the differential equation to be solved reduces to 
d> 1di- pi 
Gt dre ak 


0. 0rd ( 
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The radial flow of heat in an infinite cylinder 


subject to the conditions 


Dane O29 | a 
* ce _- 3) avin a (5) 
and @ is finite as r > 0 (6) 


The solution of equations (4), (5) and (6) is 


ee ee 


and Ip and I, are cA modified Bessel functions of the first 
kind of order zero and unity respectively. 


Applying the inversion theorem for the Laplace trans- 
eS to ‘equation (7), one obtains 


re OQ 2 d2 
# o ox 


72 


ip Sar d 
of kat + aes) 4 
r4 r2d2 d+ 
ae 
A 16k “16k el 


20S Jo(ra,) 
ee EAD MAIO) aay aa. 


Jo(ra,) 


Q Der (ko? Box x4 J(da.,) 


ee ©) 


where the «,(s = 1, 2,3...) are the positive roots of 


J\(dx) = 0 (9) 


where J,(da) is the Bessel function of the first kind of order 
unity. The first few roots are given in Carslaw and Jaeger, 
Appendix IV, Table 3. 

_ This solution converges slowly for small values of kt/d 
and is of little value as a basis for calculations of the transient 
temperatures in brake linings where kt/d* is generally less 
‘than 0-02. When this is the case and when r/d is not small 
a solution may be obtained by substituting the asymptotic 
expansion of the Bessel functions in equation (7) and 
expanding as a series in I/p. 

_ Applying this process the first few terms are given by 
Q 


ee 


al ae x exp[—q(d — r)] 


aor k 


a 
ri2psl2 7 8p2rll2d 12 (3 ae “) a 


k3/? 33.4 6d i, Oden 
EDTA ae a =) ones 
(10) 


Thus, using Appendix V of Carslaw and Jaeger (Ref. 2, 
p. 380) to evaluate each term of the transform, we have 


— Orktd ee at 
==(=) 2i erfc kHiP + 


| ca 
2 


d—r 
(a + 3r)i? erfe | aaa 4 


(11) 


| Kt (33 ea ny Slama 
SE ace + 6dr + 9d*) sat | ertc a 


where in erfc x = | i”! erfe.ydy Nelle. 
29 


a) 


ay 
with i? erfc x = erfc x = <n | exp (—y?)dy 
x 
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The function i” erfe x for various values of » and x has 
been considered by Hartree,“ the results being given in 
tabular form (see also Carslaw and Jaeger, Ref. 2, p. 373). 

In practice, the important temperature is that attained at 
the surface of the cylinder where » = d and with this sub- 
stitution, equation (11) reduces to 


po 1/2 2 2at k2p1/2 - kt 


Thus, if Q, K, k, a, d are known for the contacting body 
considered, provided that kt/d* < 0:02, the temperature at 
a given radial position at any instant during a brake appli- 
cation may be determined from equation (11). 


APPLECATION—-OF sTLHE ORY 


If a band brake slides against a cast iron cylinder from an 
initial surface speed u cm/s and produces a constant linear 
deceleration of fcm/s*, then after ¢ seconds of braking the 
instantaneous speed is (u — ft)cm/s. Hence the instan- 
taneous energy H generated at the friction surface is 


Se a hak 
£ rail a allel te 


(13) 


A, = area of brake lining (cm?) 
F = total frictional force acting at the interface of 
drum and lining (dyn.) 
J = mechanical equivalent 
4:18 x 10’ erg/cal 
Q = Ful/A,J 
af ju 
Using suffixes | and 2 for drum and lining respectively the 
heat dissipated into each solid is 
H, = Q,(1 ae at) and A aS 
H, + AH, = H 
The values Q,; and Q, may be determined by the condition 
of equal temperatures at the common surface of drum and 
lining. To a first approximation this is given by the first 
term of equation (12) 
0K, 1 \ pi ') UK 
= — zat) = — 

20,(k, 1)! in 3 2Q>(kat)'/? 
where v,, 2 are the temperatures of cylinder and lining 
respectively, relative to the ambient temperature, during one 
application of the brake, from which 
Oo Kathy A 
QO, K(k)? A, 


where 


of heat, taken as 


Q(1 — at (14) 


where 


(15) 


(16) 


Ina typical band brake K, = 1-2 x 10~'caloem~!s-!°C "!, 
kis t2 10> Veme/s, K, = 1-9 x 10° Tealcm ets Cr}, 
kage 38 XN0% 3 cm?/s giving a value for Q5/Q, of 1/11-19, 
i.e. approximately 9°%% of the total heat generated by friction 
enters the lining. Hence, from a knowledge of H and the 
thermal properties of the contacting bodies, Q, and Q, may 
be evaluated. Finally, from equation (11) provided that 
kt/d? < 0-02 the temperature at any radial position in the 
drum or lining may be calculated. . 

Experimental verification of equation (11) has been 
obtained by measuring the transient temperature at a position 
extremely close to the contacting surface of a band brake 
during single uniform brake applications. The method of 
measurement was to insert a fine gauge copper-constantan 
thermocouple inside the lining and feed its output during 
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t(s) 


A typical curve of transient temperature near the surface 
of a band brake during a brake application 


< = calculated values; © = mean experimental values; the 
range of values is also shown. 


braking to an amplifier and then to an Evershed and Vignoles 
recorder, the overall system having a response time of 
approximately 10°!s. The rotating cylinder of diameter 
3-75 cm had an initial linear surface speed of 1273 cm/s and 
was braked to rest in 3s or in 5s, the corresponding values 
of QO, were 2-169 cal/s and 7:23 x 10! cal/s. ; 

The agreement between temperatures determined experi- 
mentally (broken line) and theoretically from equation (11) 
(full line) at various times during a single uniform braking 
application are illustrated graphically in the figure. These 
curves agree to within 10%. 
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The temperature dependence of noise temperature ratio 
in germanium diodes 
By A. HENDRy, B.Sc., National Research Council, Ottawa, Canada 
[Paper first received 2\ April, and in final form 29 May, 1958] 


Measurements of the 30 Mc/s noise temperature ratio of a d.c. biased germanium mixer diode 
at various mixer temperatures are reported. The noise temperature ratio is observed to increase 
as the temperature is lowered, indicating the presence of noise which is substantially in excess 
of thermal and shot noise, and which increases in magnitude as the temperature is lowered. 


A semiconductor diode exhibits noise at its terminals which 
is composed of three types, which are: 


(i) thermal noise in the spreading resistance of the diode; 
(ii) shot noise due to thermal excitation of current carriers 
over the barrier; and 
(iii) excess noise, characterized by a (frequency) dependence, 
which is believed to be due to modulation of the barrier 
height. 


Of these various types of noise, the first two are proportional 
in magnitude to the absolute temperature of the device. 

It has been predicted“) that the noise temperature ratio of 
germanium mixer diodes can be lowered by mixer cooling; 
however, the anticipated improvements in noise temperature 
ratio due to cooling have not been observed, indicating the 
presence of appreciable noise in excess of any thermal or shot 
noise in the diode. 

There is some evidence that excess noise varies inversely 
with temperature. Miller,“ for example, states that the 
magnitude of the noise power from a silicon diode is the 
same at liquid air temperature as at room temperature, 
which indicates that not all the noise from the diode can be 
shot or thermal noise (both of which are proportional to 
temperature). Furthermore, there must be an increase in the 
excess noise to offset the decrease in shot and thermal noise 
which occurs as the temperature is lowered. 
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The work reported in this paper was undertaken to deter- 
mine the magnitude and variation of the noise temperature 
ratio of a type 1N263 germanium point contact diode with 


crystal temperature and d.c. bias current. The noise 
temperature ratio of the crystal is defined as 
t = N/kT)B (1) 


where N = available noise power output from the crystal in 
bandwidth B; Ty = 290° K, the standard reference tempera- 
ture; and k = Boltzman’s constant. 

From the observed variations of ft, the variation of excess 
noise with temperature and current will be inferred. 


APPARATUS AND EXPERIMENTAL TECHNIQUES 


Fig. 1 is a block diagram of the test set-up used. The 
method used for the determination of fis largely that of 
Torrey and Whitmer. The output meter was calibrated 
in terms of noise temperature ratio ¢, by the use of resistance 
cartridges in place of the crystal. By making a resistance 
cartridge noisy using the diode noise generator, the noise 
temperature ratio (n.t.r.) of the resistor becomes 


t= 1 + (eIR/2kT>) (2) 


where R = resistance of cartridge and 7 = diode current. 
Thus the output meter may be calibrated in terms of t by 
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bi 


oh 


uying /, for values of ¢ greater than unity. The output 
eter was calibrated for ¢ less than unity by physically cooling 
ie resistance cartridge to a temperature 7. The n.t.r. of 
ich a resistor is then 7/To, if it is assumed that the resistor 


Fig. 1, 


A, bias supply; B, crystal holder; C, noise diode; D, standard 
resistor; E, Roberts coupling circuit; F, 30 Mc/s pre-amplifier ; 
G, 30 Mc/s intermediate frequency amplifier; H, detector; 
J, 30 Mc/s barretter bridge; K, output meter. 


Block diagram of test set-up 


self has no excess noise. This assumption may be checked 
7 making the cooled resistor noisy as before, until its n.t.r. 
again unity. The current required to reach unity n.t.r. 
ay then be compared with the theoretical value: 
fe teh ies ) 
- eR To 

The agreement between measured and calculated values of 
¢ diode currents is a measure of the validity of the assump- 
yn that the resistor generates only thermal noise. In the 
libration made for the work reported here, calculated and 
served values of Jp agreed to within a few per cent. 

In order that the calibration of the output meter in terms 
“n.t.r. would be approximately independent of the inter- 
ediate frequency (i.f.) resistance of the crystal over the 
nge 100 to 2009, a Roberts coupling circuit (Ref. 4, 
223) was used between the crystal and the pre-amplifier. 
ais restriction on the allowable i.f. resistance of the crystal 
ade it necessary to provide means for the determination of 
;f- This measurement was made by the method outlined 
7 Torrey and Whitmer. A bolometer bridge was used to 
easure the change in output power of the i.f. amplifier 
hich occurs during this measurement, thus obviating the 
cessity for a correction due to detector non-linearity. 
‘he i.f. amplifier, however, must still be operated in a linear 
gion.) 

The diode under test was mounted in a crystal mount which 


(3) 


uld be lowered into a flask containing liquid nitrogen.’ 


“mperatures were determined by measurement of the e.m.f. 
-a thermocouple which had one junction attached to the 
ystal mount. By suitable positioning of the mount relative 
the liquid nitrogen level, any temperature between room 
mperature and 77° K could be obtained. Rapid changes 
temperature were avoided to minimize the danger of 
rmanently damaging the crystal, and for each determination 
t, sufficient time was allowed for the crystal to reach 
ermal equilibrium with the mount. 
To reduce errors due to drifts in the gain, the i.f. amplifier 
is connected to a standard resistor, the temperature of 
lich was To, and the gain adjusted to give an output corre- 
onding to ¢ = 1-00, before each determination of f. 
Checks of receiver noise factor, crystal conversion loss and 
ise temperature ratio before and after temperature cycling, 
licated that no damage occurred to the crystal. 


EXPERIMENTAL RESULTS 


Measurements of the n.t.r. of the crystal were made at bias 
rrents of 0-1, 0:15, 0-2 and 0:3 mA, at several tempera- 
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The temperature dependence of noise temperature ratio in germanium diodes 


tures in the range 77 to 300° K. The results of these measure- 
ments are given in Fig. 2. 

These curves indicate a striking increase in noise tempera- 
ture ratio as the temperature is lowered. Thus the noise 
power output of the crystal does not have the linear depen- 
dence on absolute temperature that has been suggested. 
Because of the observed temperature dependence, a large 
fraction of the noise power available from the crystal must 
be in excess of any shot or thermal noise. It is also evident 
from the curves that ¢ varies approximately linearly with / 
over the range plotted. 

On the basis of simple diode theory®) shot noise in the 
barrier is such that the noise temperature ratio tends to a 


) 


Noise temperature ratio t 


O08 


O06 


0:20 0:25 O35 
D.C. bias current (mA) 


Fig. 2. Noise temperature ratio versus bias current for 
type 1N263 germanium mixer 


half for large forward biases (large being much greater than 

kT/e = 1/40 V at room temperature). This limit is, of 

course, dependent on absolute temperature. Thus in an 

attempt to separate the excess noise from shot noise, one 

may subtract 4(7/To) from the observed values of n.t.r. to 

obtain 
ifs 


To 


/ 


t (4) 


where f¢’ is a measure of the excess noise from the diode. 


Thermal noise in the spreading resistance is assumed to 
contribute little to the total noise because of the small value 
of R, in this diode. 

Fig. 3 is a plot of logt’ versus log T, from which it may 
be seen that ¢’ has an approximate dependence of 7T~? in 
the region of 300° K, and T~! over the range 77 to 200° K. 

Excess noise in semiconductor diodes, which is believed to 
be due to modulation of the barrier height©>® in a fluctuating 
manner has been assumed to have the following pattern: 


(4) OF 


where / = mean current through the diode, e = electronic 
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(AD* = (5) 


NX 


A, Hendry ras 


charge, k = Boltzman’s constant, T = absolute temperature 
(°K), and ¢ = barrier height (V). 

The causes of barrier height fluctuation are as yet not clear. 
On the basis of this simple model, the modulation noise 


300 


100 \SO 200 
Temperature (°K) 


oO) 
30 40 50 70 


Fig. 3. Variation of crystal excess noise with temperature 
current should be proportional to (//T), if (Ad)? is’ in- 
dependent of J and 7. Hence ¢’ should be proportional to 
Wel 

It appears, therefore, that a different model is necessary 
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to explain the observed deviations from a T ¢ dependend 
at low temperatures. The model satisfactorily explains t 
linear current dependency observed, which is in contrast ¢ 
the commonly reported /? dependency for current noise. 
similar dependence has been reported for excess noise in iro 
oxide flakes.” 


CONCLUSIONS 


It has been shown experimentally that the noise temper 
ture ratio of a IN263 germanium diode under positive d. 
bias varies widely in the region 77 to 300° K. On the bas 
of an approximate division of the observed noise into shq) 
and excess noise, the temperature dependence of excess noi: 
between these temperatures has been established. T 
excess noise has been observed to vary approximately as t 


i 


1 


T~! from 77 to 200° K. 
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SPECIAL ARTICLE 


The choice of resilient materials for anti-vibration mountings 
By J. C. SNowpon, B.Sc., Ph.D., D.L.C.,* Physics Department, Imperial College of Science and Technology, London 


3 _ This article attempts to determine, solely from the aspect of vibration reduction, the criteria 
which define a good anti-vibration mount material. It concludes firstly that such a material should 
possess a high damping factor which does not increase greatly with frequency, and secondly, 
that it should be free from any major increase in dynamic modulus with frequency. 

Results of transmissibility measurements on a variety of resilient materials indicate that high 

a damping synthetic rubbers normally possess a dynamic modulus which increases rapidly with 

= frequency. It is shown that this modulus increase is responsible for the poor isolation afforded 
by these rubbers at frequencies above the resonant frequency of the mounting system, and not 
their inherent high damping as commonly supposed. 

Filled butyl rubber is an exception, affording an isolation at high frequencies not greatly 
inferior to that of natural rubber, yet at the same time possessing much higher damping. 


1. REPRESENTATION OF THE MECHANICAL 
PROPERTIES OF A. VISCOELASTIC MATERIAL 


[The relation existing between small values of stress and 
train in a linear viscoelastic medium can be most generally 
epresented by a linear partial differential equation of arbit- 
ary order. This equation becomes algebraic when both stress 
ind strain vary sinusoidally with time, because the operator 


a" /dt” hae (jw)” (1) 


where 7 is time, w is angular frequency, and j = ( — 1)!/?. 
[he ratio of stress to strain in a viscoelastic material can 
herefore be expressed as a complex quantity,“ and the 
nechanical properties of the material represented not by a 
eal, but by a complex “‘elastic’’ modulus, possessing real and 
maginary parts that are both, in general, functions of fre- 
juency. The damping factor of the material is defined as the 
atio of the imaginary to the real part of the modulus, and 
s analogous to the reciprocal of the magnification Q which 
s employed in electrical circuit theory to describe the ratio 
»f an inductive reactance to a. resistance. 


2, THE GENERAL TRANSMISSIBILITY EQUATION 


Fig. 1(@) diagrammatically shows an item of mass M 
esiliently mounted on an infinitely massive foundation, and 
inusoidally vibrating at an angular frequency w. The item 
s said to be simply mounted, and the item plus mounting 


Diagrammatic representation of the simple 
mounting system 


eFig. 1. 


s known as the simple mounting system.) Let the resilient 
solator possess a complex modulus £, with a real part E’ 
nd an imaginary part E’’. Transmissibility 7 is defined as 


* Now at The University .of Michigan Research Institute, 
.nn Arbor, Michigan, U.S.A. a 
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that fraction of the force exciting the mounted item which is 
transmitted to the foundation, and is given by the relation: 


‘<0 +89/|(1- Sy 


where the ee factor 6 = E”/E’. The quantity k is a. 
constant determined solely by the mount geometry, for 
example, when the mount possesses uniform cross-section, 
k is equal to the ratio of the cross-sectional area to the mount 
thickness. 

In practice, the quantities E’ and 6 are not constant, but 
functions of frequency. Thus, suppose that the real part of 
the modulus E’ = E,,, and the damping factor 6 = 5, at 
an angular frequency w, and suppose that the resonance of 
the mounting system occurs at an angular frequency wy 
(Fig. 16), when E’ = Ep, such that wi = kE/M.  (Trans- 
missibility is presented here on a decibel scale; thus, a force 
ratio equal to T appears on a decibel scale as 20 logio(T) 
decibels.) It then follows that the quantity 


w2M we aw Eo 
KE’ we hess 


Tale 


+ | oo) 


@) 


so that if the frequency ratio w/a, is equal to x, equation (2) 
becomes: 

(toe) 
Ee = xP(EghFo) Ash :0e, 


From this equation the transmissibility of any linear 
rubber-like material can be derived when the variation with 
frequency of the dynamic modulus (namely, that of the real 
part of the complex modulus) and damping factor possessed 
by the material are inserted. 


i pee 


(4) 


3. CHOICE OF ISOLATING MATERIAL 


The transmissibility of an anti-vibration mounting should 
be small at all frequencies which it is required to isolate, 
and the resilient mount material should therefore be chosen 
to provide: 

(i) a low natural mounting frequency wo; 

(ii) a low transmissibility at resonance; and 


(iii) a rapid decrease of the transmitted force with increase 
in frequency above wo. 


A low natural frequency can be obtained by employing a 
mount of suitably low stiffness (or by increasing the mass of 
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the mounted item). The use of a high damping mount 
material ensures that the resonant transmissibility is small 
and, in addition, when the vibrating item is resiliently mounted 
on a non-rigid foundation, it is valuable in suppressing the 
natural modes of vibration of the foundation. The decrease 
in the transmitted force at frequencies above woe varies con- 
siderably with the rubber-like material employed in the 
mounting. The comparative behaviour of different resilient 
materials is discussed in later sections. 


4. APPLICATION OF THE GENERAL 
TRANSMISSIBILITY EQUATION 


4.1 Damping of the solid type. A number of materials, 
including natural rubber, are found in practice to possess a 
damping factor which is largely independent of frequency. 
The real and imaginary parts of the complex elastic moduli 
possessed by these materials, E’ and E” respectively, must 
therefore be approximately constant, or show a similar 
frequency dependence. Such materials are said to possess 
solid-type damping. 

The mechanical behaviour of a linear viscoelastic material 
subject to sinusoidal variations of stress and strain can be 
represented by a parallel spring and dashpot which will, in 
general, possess both frequency-dependent modulus of elas- 
ticity (E), and viscosity coefficient (7) (Fig. 2). For sinusoidal 


2 


Fig. 2. Representation of linear viscoelastic material 
excitation the complex ratio of stress to strain in such an 
element is equal to E + jwy. The real part of the complex 
modulus (E’) possessed by the material is therefore repre- 
sented by £, and the damping factor (E”/E’) by w7/E. 

It is sometimes possible to describe approximately the 
behaviour of a rubber-like material by assuming either 
(i) that E’ and E” are constant, or (ii) that E’ and E” are both 
directly proportional to frequency. 

(i) Both E’ and E” constant. Namely, E constant and 6 
constant (hence, 7 inversely proportional to frequency). 
Equation (4) becomes: : 

1+ 6? 
(1 — x2)? +. §? 


At frequencies well above the natural mounting frequency, 7 
is therefore inversely proportional to the square of the fre- 
quency, that is, 7 decreases at 12dB/octave. The trans- 
missibility of a resilient isolator possessing constant modulus 
and damping factor is shown as a function of frequency in 
Figs. 3 and 4. The damping factor is assigned values 0:1 
and 1, which respectively typify the damping possessed by 
natural and some high damping rubbers. 

(ii) Both E’ and E” proportional to frequency. Namely, 
E proportional to frequency, and 6 constant (hence, n 


T2 


(5) 


constant). Equation (4) becomes: (1 — x”)? + (2x8)? . 
AK 1+ 6 Since E and 7 are considered independent of frequency, the} 
Mae ee (6) damping ratio § will be constant. At frequencies well above 
the natural frequency T is therefore inversely proportional to 
since Eo/Ew = Wola. frequency, that is, T decreases at 6 dB/octave. Since the 
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Therefore, at frequencies well above the natural frequency 
T is now inversely proportional to frequency, that is, 7] 
decreases at 6dB/octave. The transmissibility of an isolator 
possessing a constant damping factor, and an elastic modulus 
directly proportional to frequency is shown as a function of} 
frequency in Figs. 3 and 4. The damping factor is again} 
assigned the values 0-1 and 1. 
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Fig. 3. The transmissibility of a parallel spring-dashpot 
element in the simple mounting system. Damping factor 
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Fig. 4. The transmissibility of a parallel spring-dashpot 
element in the simple mounting system. Damping factor 
OF 10 


4.2 Damping of the viscous type. This is the type o | 
damping most commonly discussed in literature concernedi 
with vibration isolation. The elastic modulus E and the) 
viscosity coefficient 7 are considered constant, so that the}! 
damping factor 6 is directly proportional to frequency. | 

- In the case of viscous damping it is found convenient tol 
define a damping ratio 6 which is characteristic of the/| 
mounting system as a whole. The damping ratio is defined 
as the ratio of the viscosity coefficient actually possessed by 
the isolator and that required to damp the system critically. 
It can be shown®) that 6 = woy/2E. The damping factor} 
which previously has been shown equal to w7/E, can there ! 
fore be replaced by the quantity 2(w/w9)5. Equation q 


then becomes: 
pp roca Oxy 
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increase in high frequency isolation is now less rapid than 
when the mount possessed solid-type damping (with constant 
modulus £), it may be concluded (Section 3) that a vibration 
isolator should preferably possess damping of the latter type. 
The transmissibility of an isolator assumed to possess constant 
elastic modulus and viscosity coefficient is shown as a function 
of frequency in Figs. 3 and 4. The damping ratio is assigned 
the values 0:05 and 0:5: 

_ 4.3 The relaxation of rubber-like materials. Fig. 5 shows 
the variation of the dynamic modulus and damping factor 
exhibited by the synthetic rubber G.R.-S. at room tem- 
perature. The frequency at which the damping factor 
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Fig. 5. The damping factor and dynamic modulus of 


G.R.-S. rubber at 20°C. (Due to Ivey, Mrowca, and 
Guth) : 


possesses a maximum value is known here as the transition 
frequency; a rapid increase in modulus with frequency occurs 
in this region. The frequency variation of the dynamic 
modulus and damping factor in any viscoelastic material are 
of an essentially similar nature to the curves shown in Fig. 5. 

At room temperature the transition frequency of natural 
and other low damping rubbers occurs at very high fre- 
quencies, so that over the frequency range normally of interest 
in vibration isolation (namely, well below the transition 
frequency) the damping factor is small, and, in fact, both the 
damping factor and the dynamic modulus may be considered 
sensibly independent of frequency. [Section 4.1, example (i).] 
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Fig. 6. The transmissibility of natural rubber in the 
simple mounting system. Temperature 19°C. Mounts 

contain forty parts channel black in one hundred parts 

“natural rubber. Broken curve calculated assuming 

constant damping factor 6 and modulus E 


VoL. 9, DECEMBER 1958 


463 


Fig. 6 shows the experimentally determined transmissibility 
of a natural rubber specimen in the simple mounting system. 
The specimen contains forty parts channel black in one 
hundred parts natural rubber, and is 4in. long and ¢{ in. 
in diameter. These results are compared with the theoretical 
transmissibility (broken curve) calculated from equation (5). 
Values of the equation parameters are chosen so that the 
theoretical transmissibility coincides with the experimental 
curve at the observed resonant frequency. “Wave effects” 
are observed at high frequencies©) when the mount length is 
equal to, or greater than, a half-wavelength of the elastic 
wave passing through the mounting. 

In general, the transition frequency of synthetic high- 
damping rubber-like materials is much lower than for natural 
rubber or G.R.-S., occurring at frequencies which are nor- 
mally of interest at room temperature. The damping factor 
is therefore large over a range of frequencies within which 
the natural mounting frequency will occur, and may be con- 
sidered approximately constant, while the dynamic modulus 
iS approximately proportional to frequency. [Section 4.1, 
example (ii).]| Fig. 7 shows the experimentally determined 
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Fig. 7. The transmissibility of Hycar 1001 in the simple 
mounting system. Temperature 16°5° C. Broken curve 
calculated assuming constant damping factor 6 and 

frequency proportional modulus £ 


transmissibility of Hycar 1001 (a butadiene acrylonitrile 
copolymer) in the simple mounting system, for a specimen 
# in. long and 3 in. in diameter. These results are compared 
with the theoretical transmissibility (broken curve) calculated 
from equation (6). Values of the equation parameters are again 
chosen so that the theoretical and experimental curves 
coincide at the observed resonant frequency. 

4.4 Substitution in the general transmissibility equation of 
the dynamic modulus and damping factor possessed by a 
rubber-like material. The frequency dependence of the 
elastic modulus and the damping factor possessed by rubber- 
like materials is typified by that of G.R.-S. rubber shown in 
Fig. 5. The curves of this figure are used here to determine 
how the vibration isolation provided by high damping 
rubbers is related to the frequency variation of their 
mechanical properties. Thus, the form of the isolation 
afforded by relatively low, high, and very high damping 
rubbers is apparent when the frequencies A, B and C (Fig. 5) 
are taken as unity on a relative frequency scale, and the 
resonant frequency of a vibrating item mounted on each 
“material” made to coincide with the corresponding unit | 
frequency. The quantity Ey (Section 2) is equated to the 
value of the dynamic modulus at the frequencies 4, B and C, 
the corresponding values of the damping factor being 0-23, 
0:82 and 1:60. The transmissibility of the three mounting 
systems can be calculated from the general equation: 


1 + 83 
[1 soar x?( E/E.) |? Ar is: 
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The calculated transmissibility is presented in Fig. 8. Curves 
a, b and c correspond to the resonance of the mounted item 
at A, B and C. 

The general transmissibility equation shows that at very 
high frequencies the transmissibility is sensibly proportional 
to (1/x?)(E,,/Eo), provided that the variation of the damping 
factor with frequency is not large. Any increase in modulus 
E., with frequency implies that the high frequency trans- 
missibility ceases to decrease as the square of the frequency, 
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Fig. 8. Calculated transmissibility curves for a rubber- 

like material. Curve (a) derived from the low damping 

region of the G.R.-S. relaxation curve, curve (4) inter- 
mediate damping, and curve (c) high damping region 
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Fig. 9. Showing how the rapid increase in modulus 

about the transition frequency is responsible for the loss 

in high frequency isolation. Curve (a) is identical with 

curve (c) of Fig. 8, curve (4) is derived from curve (c) 

assuming that the Cee modulus is independent of 
frequency 
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that is, at 12dB/octave. Since for natural and low damping 
rubbers, E,, does not increase with frequency to any great, 
extent, the high frequency loss in isolation, or the departure 
from 12dB/octave fall-off, is not large. (Fig. 6; Fig. 8F 
curve a.) For high damping rubbers, however, the increase 
in ££, with frequency, and the resulting departure from 
12 dB/octave fall off, is appreciable (Fig. 7; Fig. 8, curve c). 

High damping rubbers ‘may therefore be undesirable 
mount materials because their elastic modulus increase 
greatly with frequency, and not because of their inherenth 
high damping as commonly supposed. Fig. 9 illustrates how 
closely the loss in high frequency isolation is related to the 
rapid increase in modulus at frequencies near to the transition 
frequency. Curve a is identical with curve c of Fig. 8; 
curve 5 is derived from curve c of Fig. 8 assuming that th 
modulus is frequency-independent, but with the variation of 
the damping factor with frequency unaltered. It is seen tha 
virtually the entire departure from 12 dB/octave fall-off is! 
due to the frequency dependence of the dynamic modulus, 

4.5 Criteria defining a good resilient vibration isolator. It 
can be concluded from Fig. 9 that a good anti-vibratio ny 
mount material (Section 3) should: 


vs 


| 


{ 


(i) possess a large damping factor—to -provide a lo \ 
resonant transmissibility ; : 
(ii) be free from any major increase in dynamic modulus) 
or damping factor with frequency—to ensure a rapid\ 
decrease of transmissibility with increase in frequency| 
above resonance. 


5. THE COMPOUND MOUNTING SYSTEM 


5.1 Introduction. It has been shown that the high fre-) 
quency isolation afforded by the simple mounting system 
(Fig. 10a) increases as the square of the frequency, providin 
that the damping factor and elastic modulus of the mountin, 
are constant. Fig. 6 shows that the transmissibility cal 
culated for such conditions is in reasonable agreement withl 
the experimentally determined ei ee of natura}! 
rubber. 

Isolation superior to that of the simple system can be} 
obtained above a certain frequency by introducing a secondary 


( \Fre jot T(dB) 
Fie jet a 
| O 
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Fig. 10. Diagrammatic representation of the simple 
and compound mounting systems 
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ass into the resilient mounting, as M, in Fig. 10(b), to form 
hat is known as the compound mounting system.” The 
rm of the transmissibility possessed by the compound 
stem is shown as a function of frequency in Fig. 10(d). 
his system possesses a secondary as well as a primary 
sonance, but above the secondary resonant frequency wy, 
le isolation increases as the fourth power of the frequency, 
lat is, at 24 dB/octave. 

5.2 Properties and applications of the compound mounting 
stem. The mass ratio f is defined as the ratio of the 
ondary and principal masses M,/M, (Fig. 105). For a 
liven mass ratio, optimum conditions are realized when the 
equency separation of the primary and secondary resonances 
least. This occurs when the ratio @ of the lower to the 
pper mount stiffness is equal to (1 + 8), providing that the 
iount damping factors are negligible. Under these con- 
itions the ratio of the secondary and primary resonant 
equencies, namely, w,/w, (Fig. 105) is given by the relation: 


ow G+ p+ + pl? 

i of 0+—)—-A+p) 
roviding that the mass ratio is small and the mount damping 
ictors remain negligible, optimum conditions are practically 


salized when the mount stiffness ratio is equal to unity. 
or example: 


(8) 


0-1 6:24 0-5 1-0 
= Boe? w/o, 6-48 4:69. 3-15 2°41 
(5/001. 6:49. 4-1. 3-23. - 2°62 


At frequencies above the secondary resonance, the com- 
ound system affords greater isolation than the simple system, 
1¢ difference in isolation increasing at 12 dB/octave. The 
ompound system can, therefore, be advantageously employed 
hen especially good isolation is required. The secondary 
ssonance is an undesirable feature of this system, but it can 
e suppressed by suitably high mount damping, in common 
rith the primary resonance. 

The compound system is of especial value in mitigating 
1e isolation loss always occurring at the natural frequencies 
ossessed by non-rigid foundations.” For example, the 
ssonant modes of vibration excited in the structural girders 
upporting a vibrating machine, or the resonance of a rigid 
yachine foundation with the “elastic”? sub-soil (plus its 
ssociated ‘‘mass”) beneath it. The isolation loss at the 
atural frequencies of such relatively undamped foundations 
normally considerable.@ © 


. RESULTS OF TRANSMISSIBILITY MEASUREMENTS 
‘ON RUBBER-LIKE MATERIALS IN THE SIMPLE 
“AND COMPOUND MOUNTING SYSTEMS 


1) The simple mounting system 


6.1 The transmissibility of natural rubber. Results of 
‘ansmissibility measurements on natural rubber at 19°C 
ave been previously presented in Fig. 6, for a specimen 
ontaining forty parts channel black in one hundred parts 
atural rubber. 

The damping factor of the rubber at the resonant frequency 
; equal to 0:14. The close correspondence of the experi- 
jental and theoretical transmissibility curves below the 
rst standing wave frequency indicates (Section 4) that the 
acrease in elastic modulus of the rubber with frequency is 
ot large. 

It has been shown) that the first standing wave resonance 
ccurs when the mount length is equal to a half wavelength 
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of the elastic wave passing through the mounting, and that 
other wave resonances occur at integral multiples of this 
frequency. Inspection of Fig. 6 shows that if the first 
resonant wave frequency is taken as 2:3 kc/s, then the second 
and third wave resonances do occur at, or in the immediate 
neighbourhood of 4:6 and 6:9 ke/s. 

6.2 The transmissibility of Hycar 1001. Results of trans- 
missibility measurements on Hycar 1001 at 16-5°C have 
previously been presented in Fig. 7. 

Hycar 1001 possesses a large damping factor of the order 
unity, which together with the dynamic modulus is very sen- 
sitive to variations in temperature. The transmissibility at 
resonance is heavily suppressed by this high damping. At 
frequencies above resonance, the isolation afforded by the 
Hycar increases at 8 dB/octave only, indicating (Section 4) 
that the increase in modulus with frequency is appreciable. 

6.3 The transmissibility of Heveaplus M-G. Heveaplus 
M-G™) is a rubber free from conventional fillers such as 
carbon black, which derives its reinforcement from poly- 
methyl methacrylate. It is prepared by polymerizing poly- 
methyl methacrylate in rubber latex to give a graft polymer 
in which the rubber molecules have attached side chains of 
methyl methacrylate. 

Under low amplitude vibration Heveaplus M-—G possesses 
a much lower dynamic modulus and damping factor than a 
black-reinforced compound with similar static properties. 

The transmissibility of Heveaplus M-G at 21-5° Cis shown 


in Fig. 11. The specimen contains five per cent methyl 
methacrylate in the total polymer. It is ~4 in. long and 
20; I 
Fig. 11. - The ey 
transmissibility $ 
of — Heveaplus ~ = 
M-G in the $2 =F 
simple mount- & 
ing system. = 
Temperature = 
DM eee ® 
=6@ etal eee ale . 
OOS O1 os. | 5 10 
Frequency (k¢/s) 
Zin. in diameter. The transmissibility curve reflects the 


low damping characteristics of the polymer, namely, a 
relatively sharp resonance (damping factor 6 = 0:08 at the 
resonant frequency), a rapid decrease in transmissibility with. 
frequency above resonance, and pronounced wave effects at 
high frequencies. The standing wave resonances appear to 
be less regular in nature than those of the natural rubber 
specimen previously discussed. The first wave resonance is 
clearly defined, and occurs at 2:66 kc/s. There is no evidence 
of equally well defined wave resonances at 5-32 and 7-98 kc/s, 
although a broad maximum does exist in the region of 
Se EKC/S; 

6.4 The transmissibility of castor oil urethane. Castor oil 
urethanes are produced by cross-linking castor oil with a 
di-isocyanate, and are characterized by their flexibility and 
high damping factor. 

The transmissibility of castor oil urethane at 22°C is 
shown in Fig. 12. The specimen contains forty parts di- 
isocyanate in one hundred parts castor oil. It is }in. long 
and +2 in. in diameter. - 

The damping factor at the resonant frequency is equal to 
0:89. Above resonance the isolation afforded by the castor 
oil urethane increases with frequency at 10 dB/octave, more 
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rapidly than normally found for a material (for example, 
Hycar 1001) with such a high damping factor. 
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Fig. 12. The transmissibility of castor oil urethane in 
the simple mounting system. Temperature 22°C. 
Mounts contain forty parts di-isocyanate in one hundred 
parts castor oil 


6.5 The transmissibility of irradiated polythene. igh 
polymers are essentially composed of chains of large numbers 
of monomeric units; the main chain may not always be linear, 
and branched side chains may be present. Exposure to 
nuclear irradiation either degrades the main or side chains, 
or produces cross-links between them. ! 

Polythene is readily cross-linked, primary bonds forming 
between adjacent carbon atoms. The degree of cross-linking 
is dependent on the radiation dose. At room temperature 
polythene is largely crystalline and, although cross-linking 
occurs when polythene is irradiated, the crystallinity it 
possesses is destroyed. Cross-linking increases the elastic 
modulus of the polymer, but the decrease in crystallinity is 
reflected as a decrease in modulus. 

The reduction in modulus at room temperature as the 
radiation dose is increased from zero to eight units is due to 
the decrease in crystallinity outweighing the effect of the 
* cross-linking produced by the irradiation. (One radiation 
unit is defined as an integrated flux of 10!7 slow neutrons per 
square centimetre, plus associated fast neutrons and y-rays.) 
Above eight units the modulus increases as the degree of 
cross-linking increases still further, and the material becomes 
more rigid and eventually brittle and glass-like. 

The damping factor of polythene exhibits a maximum, and 
the elastic modulus a minimum yalue, after approximately 
eight units of irradiation. Both the damping factor and the 
modulus are extremely temperature and frequency-sensitive 
for this dosage, and at room temperature the polythene 
exhibits typically rubber-like behaviour. 

The transmissibility of irradiated polythene at 18°C is 
shown in Fig. 13. The specimens are 3 in. long and 2 in. 
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Fig. 13. The transmissibility of neutron irradiated 
polythene in the simple mounting system. Temperature 
1871C 
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P 


in diameter. The nature of the transmissibility curves | 
resonance reflects the behaviour of the modulus and dampi 
factor possessed by irradiated polythene described abo 
At first sight it would be expected that the resonant tra 
missibility of polythene at 14-6 units of irradiation would 
greater than at ten units. That this is not so may probab 
be ascribed to the increase of the damping factor with fi 
quency being greater than the reduction of the damping fact 
that occurs as the polythene moves further towards t 
brittle or glass-like state. 


(b) The compound mounting system 

6.6 The transmissibility of natural rubber. Results 
transmissibility measurements on natural rubber specime 
in the compound system at 19° C are presented in Fig. 1 
together with the transmissibility of an identical specim 


20 oT ee 
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Fig. 14. The transmissibility of natural rubber in the 

simple and compound mounting systems. Temperature 

19°C. Mounts contain forty parts channel black in 
one hundred parts natural rubber 


in the simple system, shown previously in Fig. 6. The te 
specimens contain forty parts channel black in one hundr: 
parts natural rubber. 

The transmissibility curves for the compound mounti: 
systems with mass ratios 8 = 0-1, 0-2, 1:0 are in go 
agreement with their theoretical form (Section 5). T! 
ratios of the secondary and primary resonant frequenci 
Ww >/Ww,, agree with the values which were calculated (equation ‘ 
on the assumption that the mount damping was very sma. 
Thus: | 


B 0-1 0-2 1:0, | 
w/w} Calculated 2°62 4-7] 6:49 | 
Measured 2-66 4-69 6-62 


At frequencies above the secondary resonance, the isolatic 
provided by the compound system becomes rapidly superié 
to that of the simple system, and Fig. 14 indicates the Co. 
siderable increase in isolation afforded by the former at hig 
frequencies. 

6.7 The transmissibility of Hycar 1001. Results of tran 
missibility measurements on Hycar specimens in the simp 
and compound mounting systems at 17° C are presented 
Fig. 15. The mounts are 3 in. long and 3 in. in diameter. 

The primary and secondary resonances of the compout 
system are heavily suppressed by the high damping possess: 
by the Hycar rubber. Above the secondary resona 
frequency the isolation afforded by Hycar 1001 increases 
16 dB-octave only, as might be expected from consideratic 
of the simple system, where the high frequency isolati: 
increases at 8 dB/octave. In addition, the secondary resona 
frequency is displaced towards higher frequencies, namel 
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he ratio of the secondary and primary resonant frequencies 
s significantly larger than for natural rubber (Fig. 14). The 
nerease in the dynamic modulus of the mounting with fre- 
juency is primarily responsible for this behaviour (Section 4). 


JO) Svs Sra aes a tae 1 Saal 
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Fig. 15. The transmissibility of Hycar 1001 in the 
simple and compound mounting systems. Temperature 
17° C. (Experimental points omitted to ensure clarity of 
: figure) 


_ At frequencies above the primary resonance, the isolation 
srovided by Hycar 1001 in the compound system is never 
nferior to that of the simple system, but the overall increase 
n isolation afforded by the compound systems employing 
small secondary masses is very poor. 

6.8 The transmissibility of butyl rubber. The transmissi- 
dility of butyl rubber in the simple and compound mounting 
systems at 18° C is shown in Fig. 16. The specimens are 4 in. 
ong and in. in diameter, and contain fifty parts furnace 
slack in one hundred parts butyl rubber. This proportion 
xf carbon black ensures that a good bond is obtained between 
he rubber and the metal end pieces of the mounting. 
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Fig. 16. The transmissibility of butyl rubber in the 
‘simple and compound mounting systems. Temperature 
18°C. Mounts contain fifty parts furnace black in 
one hundred parts butyl rubber 


The damping factor of the butyl rubber is equal to 0-58 
it a frequency of 360 c/s. Although the resonances occurring 
n. the simple and compound systems are well suppressed by 
his high damping, the displacement of the secondary 
esonance of the compound system towards higher frequencies 

$ appreciably less than when Hycar mounts are employed. 
he isolation afforded by the simple system above its resonant 
requency increases at approximately 10-5 dB/octave, while 
bove the secondary resonance of the compound system, the 
solation increases at 22 dB/octave. 

Both the relatively small departure made by the rates of 
igh frequency increase in isolation from 12 and 24 dB/octave, 
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and the frequency displacement of the secondary resonance, 
indicate that the elastic modulus of butyl rubber does not 
increase greatly with frequency. This is remarkable con- 
sidering that at the same time the rubber possesses a high 
damping factor. 


7. CONCLUSIONS 


7.1 A good anti-vibration mount material should: (i) possess 
a large damping factor, and (ii) be free from any major 
increase in dynamic modulus or damping factor with fre- 
quency. Thus: 


(i) a high mount damping factor provides a low trans- 
missibility at the resonant frequencies of the simple 
and compound. mounting systems, and reduces the 
loss in isolation occurring at- the resonant modes of 
vibration possessed by non-rigid foundations; 

(ii) if the dynamic modulus of the mount material does not 
increase greatly with frequency, the anti-vibration 
mounting provides an isolation at high frequencies 
which rapidly increases with frequency. 


7.2 Figs. 17, 18, 19 and 20 show previously presented 
results of transmissibility measurements on natural rubber, 
the copolymer Hycar 1001, and butyl rubber, redrawn on a 
relative frequency scale. 

It is seen from these figures that natural and butyl rubbers 
most closely satisfy the above criteria (Section 7.1), although: 


(i) the damping factor of natural rubber is not sufficiently — 
high to suppress resonant transmissibility greatly; 
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Fig. 17. The transmissibility of natural, Hycar, and 


butyl rubbers in the simple mounting system 
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(ii) the dynamic modulus of butyl rubber does increase 
somewhat with frequency. 


The inferior high frequency isolation associated with 
Hycar 1001 makes its use as a mount material undesirable. 
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Fig. 19. The transmissibility of natural, Hycar, and 
butyl rubbers in the compound mounting system. 
Mass ratio 8 = 0-2 
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Fig. 20. The transmissibility of natural, Hycar, and 
butyl rubbers in the compound mounting system. 
Mass ratio 8 = 1-0 


7.3 The high frequency isolation provided by castor oil 
urethane is good, considering the high damping that it 
possesses, but inferior to that of butyl rubber. » Judged by the 
above criteria, Heveaplus M-—G and ordinary polythene are 
undesirable mount materials because of their relatively low 
damping. Irradiated polythene in the ‘rubber-like” state 
possesses higher damping, but the rate of increase of high 
frequency isolation is not superior to that of butyl rubber, 
and the transmissibility at resonance is much greater. 

7.4 It can be concluded from the results of transmissibility 
measurements on the above variety of resilient materials 
that, solely from the aspect of vibration reduction, butyl 
rubber: 


(i) is superior to any of the synthetic materials examined; 


(ii) may well compete with natural rubber, because 
although it exhibits inferior high frequency isolation, 
this difference: 


(a) is not excessive and, in fact, is greatest at fre- 
quencies where appreciable isolation already exists; 

(b) may be more than compensated by the lower 
resonant transmissibility in the simple and com- 
pound systems, and the much greater suppression 
of foundation resonances which butyl rubber 
affords. 
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8. NOTE 


The criteria which define a good anti-vibration mou 
material have been determined solely from the aspect « 
vibration reduction. No account has been taken of practic: 
problems such as the creep and oil resisting properties of tl 
resilient materials considered above, or of the temperatu: 
rise occurring if they are subject to large-amplitude vibratic 
(which in the case of high damping rubbers can cause bon 
failure after:a relatively short mount life). 

Rubbers containing a high proportion of carbon blac! 
such as the specimens of natural and butyl rubber employe 
in the transmissibility measurements above, characteristical| 
possess a modulus that decreases, and a damping factor whic 
increases with the impressed amplitude of vibration." Th 
vibrational amplitudes experienced by the resilient materia 
in the transmissibility measurements were insufficiently larg: 
however, to invoke such non-linear properties. | 

The conclusions drawn from the transmissibility measure 
ments made on the resilient materials considered in th 
article only apply strictly to the frequency range in which th 
measurements were made. In practice, the resonant frequenc 
of a vibrating item on its resilient mounting will be the orde 
of one decade lower than in the above measurements. Th 
resonant transmissibility of the resilient materials at t 
lower frequencies will be somewhat greater than cenit 
here, as will be the rate of increase in high frequency isolatio 
which they afford. This improvement in isolation will b 
rather more apparent for the high damping materials, sinc’ 
their elastic modulus decreases more rapidly with frequenc 
than that of low damping materials. It is felt, however, the 
the conclusions of Section 7 can correctly guide the choic 
of mount materials for use at frequencies where, in practice 
mounting resonances occur. For example, the conclusio 
drawn from the critical comparison of natural and but: 
rubber remain unchanged. Thus, although the suppressio 
of resonant transmissibility afforded by butyl rubber in tl 
simple and compound systems will be less at lower frequencie 
it will still be superior to that afforded by natural rubber, bi 
probably by a reduced amount.“!2) There is no doubt th: 
at frequencies above the mounting resonances, butyl rubbe 
will continue to offer far greater suppression of foundatic 
resonances than natural rubber. 

Reference must also be made to the temperature dependence 
of the resilient materials considered in this article. Th 
mechanical properties of high damping materials will be th 
most temperature sensitive. Any temperature variation wi 
be reflected as a change in the suppression of mounting a 
foundation resonances, and in the high frequency isolati 
which the materials afford. It is felt that the conclusions ¢ 
Section 7 will remain valid for all the ambient temperatur 
commonly met with in practice. For example, in the parti 
ular case of a mounting of filled butyl rubber in the simp! 
system, it is thought most unlikely that a change in temper 
ture of plus or minus 10° C from room temperature (20° 
would produce more than plus or minus 2:5 dB change in t 
resonant transmissibility. Even at higher temperatures it 
very probable that the damping of butyl rubber will contin 
to exceed that of natural rubber. The rate of increase in hi 
frequency isolation which butyl rubber affords will beco 
favourably greater. At lower temperatures, however, t 
damping factor of butyl rubber will increase, and the hi 
frequency isolation which butyl rubber affords will becon’ 
less as the temperature decreases. At sub-zero temperaturé 
the high frequency isolation will possibly be much inferic 
to that of natural rubber. If this is the case, and the mounti 
is required to operate continually at such temperatures, th 
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atural rubber will definitely prove a more suitable mount 
raterial. 
ih APPENDIX 

The experimental determination of transmissibility 


_Transmissibility measurements have been made on small 
ylindrical specimens of natural rubber and synthetic rubber- 
ke materials using a method previously employed by 
farrison, Sykes, and Martin.©) These workers have shown 
rom a reciprocity theorem that when the mass M, of 
‘ig. 21(a) is driven at an angular frequency w, the ratio of 
he accelerations /A,/A, is identical with the ratio of the 
orces F,/F, in Fig. 21(6). This force ratio is by definition 


a, vibration generator; b, accelerometers; c, test specimen 
- Ein the compound system; d, the elements 1, FE. 


(d) F.S., frequency standard; C.R.O., cathode ray oscillo- 

graph; B.F.O., beat-frequency oscillator; V.G., vibration 

generator; S, specimen; Ai, Az, accelerometers; B, amplifier; 
W.A., wave analyser. 


Fig. 21. The experimental determination of trans- 
missibility 
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the transmissibility of the simple system with a mount of 
elastic modulus E, and mass M which vibrates at the angular 
frequency w. Transmissibility measurements on resilient 
specimens in the compound system may equally well be made 
in this way. 

A photograph of the apparatus is shown in Fig. 21(c). 
The mass represented by M, in Fig. 21(a) is comprised of a 
short aluminium beam and aluminium housing, which con- 
tains the accelerometer A,. The elastic modulus represented 
by E, in Fig. 21(a) is provided by catapult elastic, which 
softly suspends the beam and mounting system which is 
fastened to it. The beam is excited at its mid-point by a small 
vibration generator, which is driven by a beat-frequency 
oscillator (Fig. 21d) at accurately known frequencies in the 
range 60 c/s to 10 kc/s. 

The accelerations A, and A, are measured by barium 
titanate accelerometers. The amplified accelerometer outputs 
are compared by a wave analyser possessing a logarithmic 
output meter, so that the transmissibility of the test specimen 
in decibels can be read directly. 

The amplitudes of vibration suffered by the resilient 
materials during transmissibility measurements are very 
small, and are such that in all cases the materials exhibit 
linear behaviour. For example, with reference to the trans- 
missibility of natural rubber in the simple mounting system 
(Fig. 6), the peak displacement suffered by the rubber at 
500 c/s is 5-5 x 10-5 cm, and the associated dynamic strain 
is 43° 10>: 
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The performance of spark guards* 


By J. H. McGuire, B.Sc., A.M.LE.E., A.Inst.P., and MARGARET LAw, B.Sc., Fire Research Station, 
Boreham Wood, Herts. 


[Paper received 23 April, 1958] 


The probabilities that various sizes of live coal will ignite various domestic materials have been 

determined. In addition the maximum probability that a coal will pass through a mesh has 

been calculated. Combining the two results has given a measure of the efficiency of spark 

guards in reducing fire risk. It is suggested that non-flammable Nylon net is a suitable material 
for a combined fire and spark guard. 


INTRODUCTION 


The Fire Brigades in the United Kingdom are notified of 
about 6000 incidents each year in which domestic open fires, 
either guarded or not, are responsible for igniting nearby 
materials other than structural timber underneath the hearth. 
Although all means of ignition (e.g. clothing falling on to 
the fire whilst being aired, ignition by radiation, etc.) are 
included in arriving at the above figure, it is probable that 
the use of almost any form of spark or fireguard would 
substantially reduce the figure since it would ensure that 
combustible materials were kept clear of hot coals. (A fire- 
guard is a rigidly fixed device intended, firstly, to prevent 
children and infirm people from falling on to the fire, and 
secondly, to reduce the risk of ignition of clothing which, 
whilst being worn, might otherwise be brought into contact 
with hot coals. A spark guard is a device intended to retain 
flying coals and sparks, and is usually not as robust as a 
fireguard.) The importance of guarding an open fire, with 
a view to reducing burn injuries caused by contact with hot 
coals and by clothing igniting, has been stressed by Colebrook 


predictions of the probability that a live coal will pass throug 
a specified spark guard mesh. 
The effect of the use of a spark guard on room heating is 
also discussed, and the possible use of non-flammable Nylo t 
net as a spark guard is examined. 


ied 


THE IGNITION OF DOMESTIC MATERIALS BY 
LIVE COALS 


The coal used in all the tests was Midland Singles, which 
is a bituminous, high volatile, non-coking coal. Standarci 
conditions were obtained by heating the coals in a bunser| 
flame. They were thus ignited quickly and could be projected 
on to the samples of material whilst still distilling volatiles aj 
a rate sufficient to maintain flaming. To represent the mos’ 
hazardous conditions likely to be encountered in practice 
the coals were dropped directly on to the material, a distanc« 
of about 3 in. . 

Table 1 lists the materials tested for ignition by burning 
coals. They were chosen as examples of the more easil:} 
ignitable materials likely to be found near to an open fire. | 


100 
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60 


40 
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PROBABILITY OF IGNITION (%) 
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and Colebrook“ and has been recognized in law.2) The 
scope of this paper is confined to the fire risk created by 
flying coals and sparks, and the reduction in this risk which 
can be brought about by the use of a spark guard. The 
ignitability of materials by flying coals and sparks has been 
determined experimentally, and the effect of using a spark 
guard has been assessed by combining the above results with 


* Crown copyright reserved. 
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WEIGHT OF COAL (3) 
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Table 1. Materials tested 
Weight/unit area 
Material (g/cm?) 
Cotton t2<10E4 
Viscose rayon net 18-40 
Hessian scrim DEED SoA Ne = 
Newspaper Si) Ox Oae 
Belgian cotton carpet Os 


Surgical cotton wool 
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All the specimens of material were dried before testing and 
le scrim was brushed, since it was found to be more easily 
mnited in this condition. Its appearance, when brushed, 
ssembled that of the scrim commonly found underneath 
rm chairs. 

Cotton wool, irrespective of its disposition, was readily 
mited by pieces of coal weighing only 0:005g. As this 
eight corresponds to a diameter of only 0-075in. for a 
dherical particle, it was concluded that cotton wool would 
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been assumed as the practical extremes. The probability for 
a spherical particle may be greater or less than that for a 
cylindrical particle, depending on the actual mass and on the 
size of the mesh. Whichever is the larger is referred to as 
the probability for any given mass. Some calculated results 
are shown in Fig. 3. From these and the experimental results 
for the probability of ignition of a fabric by a given mass of 
coal, the combined probability that a coal will both pass 
through a mesh and ignite a fabric can be obtained. 


PROBABILITY Cs) 


Oe a OOS, 0-10 


0-15 0-20 0:25 0-30 


WEIGHT OF COAL (3) 


_ Fig. 2. Probability of a piece of burning coal igniting various materials 


Curve (1), scrim; curve (2), viscose rayon net; curve (3), newspaper; curve (4), cotton. 


lways present a hazard and that it would not be practicable 
) design a spark guard to overcome this. 

With Belgian cotton carpet, laid horizontally, no continuing 
re was started when pieces of flaming coal with dimensions 
f the order of 0-5 in. were dropped on it. It was therefore 
oncluded that this material did not present an appreciable 
azard from this point of view and no further tests were 
1ade on it. 

‘The results for brushed scrim are shown in Fig. | in the 
ym of a histogram in which each block represents ten 
kperiments. It has been assumed that a finite probability 
f igniting materials exists for coals even smaller than those 
sted and a probability curve for all ranges of weight of 
jal has been calculated by probit analysis (see Appendix I). 
his is also shown in Fig. 1. The adoption of probit analysis 
utomatically involves the assumption that a finite (though 
ery small) probability of igniting a material exists for every 


ze of coal however small, whereas theoretically there is : 


ossibly a threshold energy level below which a fire cannot 
e initiated. The consequent exaggeration of. the hazard 
here very small coals are concerned will not greatly influence 
1e estimation of the performance of spark guards. 

A probit analysis was made of the histograms derived from 
sting the remaining materials and the resulting probability 
irves (including that for brushed scrim) are shown in Fig. 2. 


x THE PERFORMANCE OF SPARK GUARDS 


The reduction in fire risk. No information is available as 
y the distribution of the geometrical shapes of the particles 
nitted by a domestic open fire. In deriving expressions for 
le probability that a piece of coal will pass through a 
iesh (Appendix II), two shapes, a sphere and a cylindrical 
article, with a length/diameter ratio of eight have therefore 


{00 


PROBABILITY(7,) 


1:0 


WEIGHT OF COAL (q) 


Fig. 3. Probability of a piece of coal passing freely 
through a mesh 
Curve (1), non-flammable Nylon net A; curve (2), non- 


flammable Nylon net B; curve (3), 8-mesh (22 s.w.g.); 
curve (4), 6-mesh (22 s.w.g.); curve (5), 4-mesh (20 s.w.g.). 
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Fig. 4 shows the combined probability curves for an 
eight-mesh (22s.w.g.) guard. Similar curves have been 
obtained for six-mesh (22 s.w.g.) and four-mesh (20 s.w.g.) 
guards and for two permanent finish non-flammable Nylon 
meshes, A, 45 denier, and B, 150 denier. For any given 


(parts | million) 


PROBABILITY 


WEIGHT OF COAL (9) 


Fig. 4. Probability of a piece of coal both passing 
through eight-mesh (22s.w.g.) and igniting various 
materials 


Curve (1), scrim; curve (2), viscose rayon net; curve (3), 
newspaper; curve (4), cotton. 


mesh size and fabric there is a mass of coal for which this 
combined probability is greatest. The largest of these peak 
values for the four materials tested has been called the 
maximum probability, and for the various meshes considered 
these values are given in Table 2. 


Table 2. Maximum probabilities of ignition of the materials 
listed in Table I (excluding cotton wool and Belgian cotton 
= carpet) 


Maximum probability of ignition 
Guard (parts per million) 


8-mesh (22 s.w.g.) 40 


6-mesh (22 s.w.g.) 340 

4-mesh (20 s.w.g.) 24 000 
{Nylon A 3°3 

Non-flammable PNvion B 34 


To confirm that the non-flammable Nylon nets would, in 
fact, not melt in practice, they were hung vertically and, 
whilst subjected to an intensity of radiation of 0-5 calem>2s7! 
(representing the maximum intensity they would receive 
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from an open fire), flaming coals with linear dimensions u 
to +in. were projected on to them, The nets were stru 
turally undamaged. If a hot coal rested against either of th 
nets, however, the Nylon in contact with the coal melted. 

The effect on room heating. A domestic open fire heats 
room largely by radiation and the use of a guard will, to 
close approximation, reduce radiative heating by the amoun} 
which is intercepted by the elements of the mesh. Th 
consequent heating of the guard contributes little to th 
heating of a room because the guard is cooled by the su 
stantial air flow from the room which passes directly up th: 
flue. As a measure of the reduction in radiation th 
obscuration has been calculated in the case of the met 
meshes and measured experimentally in the case of th 
Nylon nets. The results are given in Table 3. 


Table 3. Obscuration of radiation by guards 
Guard Obscuration (%) 
~ 8-mesh (22 s.w.g.) 40 
6-mesh (22 s.w.g.) 30 
4-mesh (20 s.w.g.) i} 
Nylon A 13 
Non-flammable Nylons 18 


Strength of meshes. Spark guards with metal meshes hay 
been widely used for many years and have been found to bi 
satisfactory from the strength point of view. The thre 
meshes considered are typical of those on the market an 
are adequately strong. Nylon net guards, however, hav 
never been available, and although they are strong enoug 
to deflect hot coals they might be damaged by misuse. | 
was found that Nylon A could be punctured by forcing « 
pencil against it, but that Nylon B was considerably son 
robust and should be able to stand considerable rough usage’ 


CONCLUSIONS | 

The results in Tables 2 and 3 show that the six- and eight 
mesh guards are far more effective than the four-mesh guar< 
in reducing fire risk, whilst the amounts by which the: 
reduce room heating are increased by much smaller factors 

The Nylon meshes are superior to the wire meshes both i: 
their efficiency in reducing fire risk and in the extent to whic! 
they reduce obstruction of radiation. They are, however 
not quite so robust and if hot coals come to rest agains 
them they will melt. This might happen if the Nylon ne 
extends down to hearth level and large coals fall on th: 
hearth. 

Nylon net will have a valuable application in the manu 
facture of combined fire and spark guards. To date thes: 
have not been popular since, if constructed of fine wire mesh 
they substantially reduce room heating. By using a Nylor 
instead of a fine wire mesh this effect will be much les: 
marked. 

It should be noted that, of the domestic materials tested 
cotton wool was found to present so exceptional a’ hazar 
that it would not be practicable to design a spark guar 
giving a substantial reduction in the risk. 
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APPENDIX I 
Probit analysis 


Analysis of the experimental results has been carried out 
n the hypothesis that the probability of ignition is Gaussian 
ith respect to the cube root of the mass of the coal. Probit 
nes have been calculated on this assumption; their linearity 
as been tested by the X? test and there is no significant 
eterogeneity.©) 

The equations of the probit lines for the four materials are 
iven in Table 4, together with the 95°% confidence limits, 


here y is the probit corresponding to a probability of 
ignition p 
x= m* x 10 


nd m is the mass of coal in grammes which gives prob- 
ability of ignition p 
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D 
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E pie 
of its centre lies within the range zero and 5 Toh 


or the 


Gib oD) : 
Paneer and d, i.e. 


5 +5 a range d—t— D. The 


i) 


probability of this occurring is Gx sare [(D + d/d] 


Of the particles which will not strike the vertical wires the 
fraction which will not strike the horizontal wires is also 
1 — [(D + D/d]. The probability of a particle passing freely 
through the mesh is therefore {1 — [(D + 0)/d]}. 

Cylindrical particle. The particle is considered to have 
random orientation and direction of flight normal to the 
mesh (Fig. 6). This latter assumption will lead to the hazard 


a4 


Fig. 6. Orientation of particle to mesh in yx plane 


being somewhat over-estimated and the results will therefore 
be conservative. From symmetry, only values of ¢ and @ 
between zero and 77/2 need be considered. 


Table 4. Probit analysis of the ignition of various materials 


Material Probit line 
Cotton y = 1-441x — 2-634 
Viscose rayon net y = 2-509x — 3-842 
Hessian scrim y = 0:986x + 0-338 
Newspaper y = 2°437x — 4-634 


APPENDIX II 
The probability of a particle passing freely through a mesh 


Spherical particle. The total probability may be considered 
s the product of the probability of a sphere not engaging on 
horizontal wire and the probability of a sphere not striking 
vertical wire (Fig. 5). The probability of a particle not 


alate 
ae 
2 
Sea 
pre 
Fig. 5. Section of ere 


riking a vertical wire will now be discussed. If the centre 
f a particle of diameter D lies within the x co-ordinate zero 
nd d, the probability of its centre lying in any range dx is 
x/d. The particle will not strike the wire if the x co-ordinate 
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95% confidence limits to x 


12x — 0-65 + 1-524/[0-018 + 0-057 (x — 5-45)?] 
17x — 0-62 + 0-924/[0-034 + 0-241 (x — 3-62)?] 
08x — 0-37 + 2:14y/[0-009 +- 0-018 (x — 4-9)?] 

15x — 0-61 + 0-934/[0-026 + 0-204 (x — 4-04)?] 


If the cylinder has diameter a and length na and the axis 
makes an angle 6 with the zx plane, then the projection of 
the cylinder in the y dimension is 


Dy = nasin 0 + acos 0 


For a given value of @ the probability of passing freely 
between the horizontal wires is (from above) 
Dy +t 
d 


‘ t 
Py =A ( =1—)S(nsin 8 + cos 6) — 5 


The probability that @ will lie within the limits 6 and 6 + 66 
is cos 60. Combining these two probabilities gives 


aP 7 = E a “ln sin 8 + cos #) — ‘| cos @d0 


d 


where the limits of @ are 0 and 6’ 


and a(n sin 8’ + cos 0’) =d—t 


If the projection of the cylinder in the xz plane makes an 
angle ¢ with the z axis then the projection of the cylinder in 
the x dimension is given, for small values of @ 


by Dy ~ nacos @sin ¢ + acos d 
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The probability of passing between the vertical wires for a 
given value of @ and ¢ is 


Dirt 


Py=1 : 


a ; t 
=1—-(ncos sing + cos ) — 5 


The probability that 4 will lie between d and ¢ + 6¢ is 
26¢/7. Combining these two probabilities gives 


t 
dP y = af = “(1 cos @ sin ¢ + cos d) — a 


where the limits of ¢ are 0 and ¢’ 


and a(n cos 8 sin ¢’ + cos ¢’) =d—t 


Electrical properties of chalcopyrite 


By B. Donovan, Ph.D., A.R.C.S., F.Inst.P., Department of Physics, Bedford College, i Sidon. 
and G. REICHENBAUM, M.Sc., Ph.D., Grad. Inst.P.,* Department of Physics, Northern Polytechnic, London 


[Paper first received 24 April, and in final form 10 July, 1958] 


The conductivity o and thermoelectric power ¢ of synthetic and natural specimens of chalco- 
pyrite have been investigated in the temperature range —140 to 300°C. The Hall coefficient 
R of the natural specimens has also been measured in this region, but in the case of the synthetic 
specimens is too small to be detected. For the majority of the specimens the product Ro varies 
approximately as 79-7 from about 100 to —140°C. This is taken to indicate that impurity 
scattering of the carriers is predominant, and on this basis the effective mass is estimated to be | 
The low mobility values encountered suggest that the | 


roughly equal to the free electron mass. 


The total probability of passing freely through the mesh i 


given by 
0 ¢¢’ 
‘Pi | | dP dP y 
0 JO 


For particles of such dimensions that 0’ and ¢’ are smal) 
this expression reduces to i 
= (d — t — a)/2mn?a?d? 
Combination of results. The two expressions derived i 
the above paragraphs have been evaluated and plotted i 
Fig. 3 for the various meshes, taking the density of coal 
1:27 g/cm? and n= 8 in the case of the cylinders. Th 
extreme probabilities for all shapes of particle are given b 
the solid curves in Fig. 3. 


samples are markedly inhomogeneous and this is further borne out by the decrease in the | 
measured resistance at high frequencies. | 


The possibility of a group of ternary semiconducting com- 
pounds with diamond type structure was first discussed by 
Goodman and Douglas,“ who pointed out their relationship 
with the binary I-VI zinc blende compounds and mentioned 
preliminary results obtained with CulnSe, and AglInSe. 
Subsequently, further details of the preparation of these and 
other ternary compounds were published, together with values 
for the optically determined energy gaps. *) 

Few systematic experiments on the electrical properties 
of these compounds have been carried out, and the object 
of the present paper is to discuss briefly the results of some 
measurements made on synthetic and natural samples of 
copper iron sulphide, CuFeS,. This compound occurs 
naturally as chalcopyrite and its structure is a slightly 
tetragonal distortion of a perfect diamond lattice. 

During the course of the present work a paper by Boltaks 
and Tarnovski® came to the authors’ notice, in which 
experimental results on the electrical conductivity and 
thermoelectric power of synthetic and natural chalcopyrite 
were presented, in addition to a study of rectifying: pro- 
perties. These results were obtained in the temperature 
range 20-600° C and differ from those of the present paper 
in several respects; in particular, the deduction of the energy 
gap appears to be of doubtful validity owing to the changes 
in composition which occur at high temperatures. 


EXPERIMENTAL PROCEDURES AND RESULTS 


Specimens. In view of the serious difficulties encountered 
with ternary compounds,‘*) and with sulphides in general, no 


* Now at English Electric Valve Co. Ltd., Chelmsford. 
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attempt was made to grow single crystals and the synthet: 
samples were all obtained in the form of compressed powder: 
The compound was prepared by melting the componen* 
together in stoichiometric proportions (copper and iror 
prepared electrolytically; sulphur from Johnson Matthe 
Ltd.). The synthesis was carried out in a sealed silica tub 
which fitted exactly into a stainless steel bomb. Th 
temperature was maintained at a value in the range 906 
1100° C for a period of 8-10 hours; after cooling the com 
pound was ground and compressed in a specially constructe 
mould. No X-ray investigation of the material was carrie 
out, but by examination under an electron microscope it wa 
verified that the grain size in the powder was very near! 
uniform. No evidence at all was obtained to indicate the 
the specimens contained any free copper, iron or sulphu 
and it is reasonable to suppose that departures from stoichic 
metry were extremely small. 

The natural specimens were supplied by the Geolog 
Department of the Northern Polytechnic and the cutting « 
selected portions was carried out by Hilger and Watts Ltd 

Electrical conductivity. Measurements of the electric: 
properties were carried out over the temperature rang 
—140-300° C using specimens with approximate dimensior 
30 x 7 x 2mm. The ends of the specimens were coate 
by vacuum evaporation, firstly with a layer of silver and the 
with a thicker layer of copper. The current leads wei 

soldered to these contacts. The potential probes (and He 

electrodes) were formed by lengths of tungsten wire, wil 
electrolytically sharpened tips, held in position by short fi 
brass springs. 

Typical conductivity curves for synthetic and natur 
specimens are shown in Figs. 1(a) and (b) respectively. A 
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he natural specimens and all the synthetic specimens except 
wo were found to be n-type semiconductors, in agreement 
ith Boltaks and Tarnovski®; S$, and S, were the two 
exceptional p-type specimens. In general, the orders of 
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Conductivity o- catem!) 


4 
£x10° 


. Fig. (a). Conductivity of various synthetic specimens 
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nagnitude of conductivity were appreciably lower than those 
eported by Boltaks and Tarnovski,“ and no minimum was 
ound in the conductivity for any of the specimens studied. 
st high temperatures (effectively above about 200° C) the 
eadings are less significant, owing to the tendency of the 
compound to lose sulphur and the occurrence of irreversible 
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effects similar to those observed in binary compounds.© 
For this reason it is not possible to make reliable estimates 
of activation energies from readings in this region. 

Hall effect. The Hall coefficient was measured by con- 
ventional methods and in all cases was found to be extremely 
small. For the synthetic specimens, in fact, the effect was 
too small to be observable. No previous measurements of 
Hall effect appear to have been published. The results for 
four natural specimens are shown in Fig. 2 and these show 
that, on the basis of a single-carrier model, the carrier density 
at room temperature is of order of magnitude 10!9. It is 
therefore reasonable to suppose that we are dealing with very 
impure samples which are strongly degenerate over most of 
the temperature range considered. Further evidence from | 
the behaviour of the thermoelectric power is consistent with 
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Fig. 2. Hall coefficient of various natural specimens 
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this view. The form of the curves in Fig. 2 is typical of all 
the specimens investigated and shows that the carrier density 
is roughly constant at low temperatures. No quantitative 
information can be obtained from the steep portion at high 
temperatures, which is a consequence of the composition 
changes previously mentioned. 

Attempts were made to measure the magneto-resistance 
effect in specimens having various geometrical forms, includ- 
ing a Corbino disk. No change in resistivity could be detected 
in any of the specimens, synthetic or natural, and for highly 
degenerate samples such a zero result would not be unexpected. 

Thermoelectric power. The thermoelectric. power was 
determined with respect to platinum for several samples and 
the results are shown in Fig. 3. The results for the two 
p-type synthetic specimens are illustrated in Fig. 3(@) and 
the curves for typical n-type specimens (two synthetic and 
two natural) are given in Fig. 3(5). The thermoelectric 
power of the natural specimens was in general higher than 
that of the synthetic specimens and reached a maximum 
value in the region of 300-380 nV/°C. The orders of 
magnitude and the form of the curves are similar to those 
given by Boltaks and Tarnovski,“ but in the present work 
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the maximum value was found to occur at a lower tempera- 
ture in most Cases. 
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DISCUSSION 


The carrier mobility may be calculated from the Hall 
coefficient R and the conductivity o by using an expression 
of the form 

(1) 


where r is a factor depending upon the scattering mechanism, 
the state of degeneracy and the form of the constant energy 
surfaces in k-space. The temperature dependence. of the 
product Ro for four natural specimens is illustrated in 
Fig. 4 and, since r is approximately unity for degenerate 
specimens, these curves may be taken as providing a good 
indication of the behaviour of the electron mobility. 

The mobility values thus estimated are all extremely small 
(of the order of 1:0 cm*/Vs at room temperature) and far 
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doubtedly due to the polycrystalline structure of the speci- 
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below the value 32 quoted in Ref. 3 for a p-type sample at 
room temperature. These low mobility values are un- 


mens, which gives rise to considerable scattering from grain 
boundaries and inhomogeneities, and to the high concentra-} 
tion of impurities. The variation of mobility with tempera- 
ture may be represented with reasonable accuracy by a power 
law, pe oc TS, below about 100° C, as shown in Fig. 4. In} 
most cases a value around 0-7 was obtained for the index s.} 
as illustrated by specimens A,, A> and A4; the behaviour of} 
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Fig. 4. Temperature dependence of Ro for natural 
specimens 
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| 
specimen A; was exceptional and the explanation of such a 
rapid variation of mobility (s ~ 2-0) would appear to be 
obscure. 

Although these results do not permit a clear-cut interpre- 
tation in terms of any one scattering mechanism, it is not: 
unreasonable to suppose that the scattering is predominantly 
due to ionized impurity centres. If this were the only 
mechanism present, the index s would have the value 1-5 in: 
the nondegenerate range and would be approximately ZerO | 
for degenerate specimens. 

On the basis of the above ideas, rough values for the 
effective mass m* may be derived from the results for the 
Hall coefficient and thermoelectric power. For a single- 
carrier system with impurity scattering only, the carrier 
density 7, Hall coefficient R and thermoelectric power d are 
given by© 


n= 5-54 x 107 (m*/m)PF 2(6), Q) 
3 
tage (<.)Fn® » Fy )(8)/F3 (3) 
k| 4 F,(§) | 
ae I: AO 1° (4) 


where € is the reduced thermodynamic potential ange the 
F.(€) are Fermi—Dirac functions. 

Measurements of ¢ enable the parameter € to be calculated 
from equation (4), hence n and m*/m may be evaluated from 
equations (2) and (3). Values for three specimens at —40, 0 
and 40° C are given in the table. 
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é Typical values of effective mass 


| Temperature ( C) Specimen E n({cm—3) (x 1019) m*/m 
A, 1-85 4-08 0:97 

—40° Ay 2 AD 2:88 0-61 
A3 2°64 3-26 0:62 
| A 1-07 5-29 1-28 
O° Ay Degiey) (eae 30) 0-61 

ee A; D226 RAs 0-66 
A, 0- 6:62 1-61 

EAR fe 45 1-53 8-04 1-22 

A3 kos 4-61 85 


' Finally, it is of interest to report briefly the results of some 
neasurements of the conductivity at high frequencies. It is 
Well known that in the case of compressed powder specimens 
he possibility of irregular contact between grains may give 
‘ise to spuriously low values of the d.c. conductivity and that 
his effect may be investigated by measurements at high 
requencies.‘?7 For this purpose the resistance of various 
specially made samples at room temperature was determined 
ip to 50 Mc/s, using a Q-meter technique, and typical results 
ire illustrated in Fig. 5. It was not possible to obtain natural 
specimens in a form suitable for these measurements and the 
hree curves shown in Fig. 5 are typical of the behaviour of 
he synthetic specimens investigated. The specimen resistance 
it 50 Mc/s was found to be smaller than the d.c. value by a 
actor of about two to three, and this may be regarded as a 
urther consequence of the granular structure of the speci- 
nens. While no useful purpose would be served by analysing 
hese results in detail, they serve to emphasize that the 


Electrical properties of chalcopyrite 


experimental values of the d.c. conductivity have only 
limited quantitative significance and that the true values 
may well be appreciably higher. 


O| 
7 
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vo 
e 
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Frequency (Mc/s) 
Fig. 5. High frequency resistance of various synthetic 
specimens 
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A generalized theory of sedimentation 
By A. D. Maupe, B.Sc., Ph.D., A.Inst.P.,* and R. L. Wuitmore, B.Sc., Ph.D., A.Inst.P., Department of 


Mining and Fuels, University of Nottingham 
[Paper first received 3 January, and in final form 25 June, 1958] 


A theoretical relationship between the concentration and the sedimentation velocity of non- 

flocculated suspensions of particles is derived. It is shown that the settling velocity relative to 

that of a single particle in the suspension is (1 — c)® where f is a function of particle shape, 

size distribution and Reynolds number and c is the volume of solid per unit volume of suspen- 

sion, The expression is shown to satisfy the experimental results of other workers. An empirical 
relationship between f and the Reynolds number is suggested. 


1. INTRODUCTION 


Vhen a body falls through a fluid, it accelerates until it 
eaches a constant terminal velocity. This velocity is deter- 
nined by the density of the fluid p;, the density of the body 
),, the viscosity of the fluid 7, the shape and orientation of 
he body and by some length characterizing the size of the 
iody d. The velocity may also depend, to some extent, 
ipon the size and shape of the containing vessel, but if this 
; large its influence may be neglected. 

The problem becomes more complicated. if many bodies 
re present and the system becomes a sedimenting suspension. 
Vhen the bodies are more or less evenly dispersed throughout 
he fluid, their rate of fall is decreased, and it is of considerable 
ractical interest to know the relation between the concentra- 
ion of bodies and the magnitude of this decrease. 
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Many theoretical and empirical relations“!-®) have been 
proposed to solve this problem, but they suffer from various 
defects, in particular they lack generality. It would be of 
considerable practical value if an equation could be derived 
which would cover a wide range of particle shapes, size 
ranges and rates of fall, and in the following paper an attempt 
is made to do this. 


2. FALL OF SPHERES AT LOW REYNOLDS 
NUMBER 


Consider a mass of equi-velocity particles falling through 
a pure fluid. If v is the average volume of one particle, and 
g is the acceleration due to gravity, then the average force 
on one particle is F = (p, — p;)gv. If c is the volume of 
solid in unit form of suspension, then it may be shown from 
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dimensional reasoning that, if inertial forces may be neglected, 
the sedimentation velocity is given by: 


U = K(Fldn)(c) (1) 


where K is a constant, and ¢(c) is a function of c. 

For spheres, from Stokes’ law, K = 47 if f(0) = 1, but in 
general K is a function of particle shape, orientation and 
size distribution, and is constant for any one set of particles. 

The problem is to find the function ¢, and most investi- 
gators, both theoretical and experimental, have taken KF /dy 
as constant, and have found the function p as a relation 
between U and c. In the following theoretical investigation 
it has been found more convenient to maintain Udy/K 
constant, and to consider the function ) as expressing the 
relation between F and c. That is, as the concentration is 
varied the gravitational force is altered in such a manner 
that the settling velocity is unchanged. This might be 
achieved experimentally, for example, in a centrifuge. 

It is also convenient to take a frame of reference which is 
stationary with respect to the particles, so that the liquid 
flows past them at a velocity which reduces to U above the 
surface of the suspension. Within the suspension the velocity 
will vary from place to place, and will on the average exceed 
U. If this average velocity is U’ it may easily be shown that 


U1 =o. =U (2) 


The theory is first developed for the case of equi-sized, 
equi-density spheres, and it is then shown how variations of 
size, density and shape affect the expression obtained. 

Consider a suspension supported by an upward current in 
a vessel, which is sufficiently large to allow edge effects to 
be neglected. Suppose that a small number of spheres is 
added to the suspension, increasing its concentration by dc, 
and at the same time the gravitational force on each particle 
F is increased by an amount dF so that U remains unaltered. 
For simplicity, suppose that the added spheres enter the 
fluid at places where the average velocity before the addition 
was U’. When the concentration is very low all portions of 
the liquid will have an equal probability of being entered, so 
that this will on the average be true. Reasons for the belief 
that it is also true at high concentrations are advanced later. 

When finding the velocity distribution caused by the 
introduction of a stationary body into a moving fluid when 
all movements are slow, it is usual to consider a velocity field 
which possesses the following characteristics: 


(a) it obeys the linearized Navier-Stokes equations for all 
points outside the surface of the body; 

(b) it is equal and opposite to the original velocity at all 
points on the surface of the body; 

(c) it obeys appropriate boundary conditions at the sur- 
faces of other bodies and the containing vessel; 

(d) it obeys the continuity equation (i.e. is non-divergent) 
for points within the volume of the body. For the 
present argument the fact that a force must be applied 
to this liquid so that discontinuities occur in the 

' stresses is unimportant so long as the velocity remains 
finite. 


Whilst for all hydrodynamical considerations the addition 
of such a field to the existing velocity field will produce the 
same result as the addition of the body, it is not sufficient for 
mechanical considerations. The condition must also be 
included that all points on what would otherwise be the 
surface of the body cannot be penetrated by solid bodies. 
For convenience, all points within this surface will be called 
“‘within the added body.” 
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Following this method, the added spheres may be con- 
sidered as replaced by a velocity field of average value — U’ 
within the volume of the spheres, and some form of returr 
flow through the suspension. It is apparent that as this flow 
is non-divergent within the volume of the added spheres, it 
will be circulatory in form, i.e. the streamlines will form 
closed loops, and there will be no net flow across any infinite 
plane. é 

From equation (1) we may write: 


total force on volume V of suspension, 


= (average force per particle) x (number of particles in 
V) | 
= Und/K#(c) x V(clv) 


which may be written as LP | 


pie yea S | 
F Rad UV 4 

Equation (3) shows that for given particles, a given liquid 
and a given concentration, the total force exerted by the 
liquid is proportional to the product of the velocity and the 
volume. It will be noted that the velocity referred to is a 
average velocity which may be found by dividing the volum 
rate of flow by the total area of cross-section, including the 
area occupied by particles. As the integral of the ae | 
of volume and velocity defined as above is zero for a circulat 
ing current, it follows that if a current circulates through ar 
array of stationary particles, it will exert no net force on them| 
If the particles of a suspension are randomly, rather thar 
evenly positioned, any one circulatory flow may exert < 
force, but the average over a large number of similar current: 
will be zero. 

It does not follow, however, that the circulatory fio 
which replaced the added spheres, exerts no force on th» 
remainder of the suspension, for no other particle ma» 
penetrate the position of the surface of the added sphere: 
and hence the current within the volume of the added sphere 
can exert no force on the other particles. The product o 
volume and velocity within the added spheres in unit yvolum: 
of suspension is —U’dc so that the product of volume an¢ 
velocity over the remainder of the circulatory currents iv 
unit volume is+ U’dc. Therefore, the total force per uni 
volume which this uncompensated return flow exerts is 


from equation (3), 
O79) eCard 
vie E51) 
VK 6 v 
As there are c/v particles per unit volume, the averag 


force dF which the circulatory currents exert on a singh 
particle is given by 


d 
dF = U'de| —" 
: : IC Ee c |= Ul dc (4 
Using equation (2) 
dF /F = dc/(1 — c) (5 
Integrating 
F=Fo/1-— oc) 
where Fo is the value of F when c = 0 
so that Pc) = (1 — 0) 
and U = U)(1 — c) (6 


where Up is the value of U when c = 0, and is assumed to b 
the velocity of fall of a single sphere. Equation (6) expresse 
the fact, recognized by Steinour“) and by Hawksley®, tha 
the increase in the velocity of flow within a suspension ove 
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its value above a suspension, leads to a change in the settling 
velocity by a factor of (1 — ¢). 

_ Equation (5) contains certain simplifications which must 
now be considered. As no sphere centre can exist within 
one sphere radius of the surface of the added particles without 
the spheres overlapping, the concentration of solid near to 
the surface of the added spheres is less than the concentration 
elsewhere. Not only does the circulatory current through the 
volume of the added spheres exert no force on other particles, 
but that part of it within one sphere radius of the surface of 
the added spheres exerts a reduced force. Thus the term for 
the product of volume and velocity of the uncompensated 
return flow is increased by some constant «. 

_ Equation (4) now becomes 


dF = (F/U)aU'de (7) 
and equation (5) 
dF/F = adc/(1-— ) (8) 


tic solution of which is 

| F=F,(l —0)~* 

so that d(c) = 1 — o)% 

or U= U1 — 0% (9) 


No theoretical value can be assigned to « but limiting 
values may be set for it. The upper limit is reached when 
the concentration within one sphere radius of the surface of 
the added sphere is zero, and the circulatory flow within 
this volume is —U’. Under these circumstances the product 
of volume and velocity of the added flow which exerts no 
force on the suspension already present is —8U’dc. (The 
volume possessing zero concentration is assumed to be eight 
times the volume of a single sphere.) The lower limit is 
reached when the effect of the reduced concentration near 
to the added sphere is ignored, and equation (5) is true. 
‘Thus for equi-sized sphere | < « < 8. 


3. FALL OF SPHERES AT ANY REYNOLDS 
NUMBER 


It is possible to derive equation (9) by an argument which 
does not necessitate the assumption of negligible inertial 
forces and streamlined conditions of flow in the suspension, 
but the physical significance of the constant « disappears. 

Thus, if a small number of new particles is added to the 
suspension in which the velocity of sedimentation is held 
constant, the fluid is unable to pass through the position 
occupied by the added particles, and the fluid velocity 
through the suspension is raised. The increase of the average 
force on the particles already present, which may be expressed 
as (0F/dc),dc, is caused by a rise in the velocity of fluid 
through the suspension, and is the same as would have been 
produced if U had been increased by some small amount dU. 
That is, it may be expressed as (0F/0U).dU. 


_ Thus (oF /dc),de = (OF /0U),.dU (10) 
The extra volume of fluid passing through any horizontal 
plane in a given time is the fluid which would otherwise have 


passed. through the position now occupied by the new 
particles, so that dU must be proportional both to de and U’. 


That is dU = BU'de (11) 


where B is some constant. If the extra flow were uniformly 
distributed in a manner similar to the original flow, B would 


be unity. As the extra flow will be unevenly distributed, * 


some form of averaging its effect must be adopted and the 
numerical factor P will result. Its value will thus depend on 
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the pattern in which the extra flow distributes itself around 
an isolated added sphere; the further re-distribution caused ; 
by other spheres (constituting the interaction between them) 
is involved in the term ()F/dU), and not in the value of dU. 
It is thus expected that 8 would depend not upon the con- 
centration, but upon the Drag coefficient and Reynolds 
number in unhindered settling. 

From equations (10) and (11) 


oF OF 
ENE et —) 
i I Cc Ge pe 
nF) oF BU 
or oe 
oc (50 elie 


The solution of this partial differential equation is 


F= {Ud — 0% (12) 


where y is an arbitary function. 
Equation (12) implies that 


CeaU CL eye (13) 


In both this and the preceding section it has been assumed. 
that the spheres enter the fluid where the average velocity 
was U’. This may not be true for individual spheres, but it 
will be true on the average for a large number. At high 
concentrations it might appear that the fluid near to the 
surface of the particles already present has less chance of 
being entered than the fluid elsewhere. However, the virtual 
extension of the volume of the added particles by a factor 
a or 8 combined with the non-rigid nature of this extension 
allows the probability of such regions being entered to be as 
great as for other regions. 


4.. SEDIMENTATION OF COMPLEX SYSTEM 


Whilst for simplicity the theory has been developed above 
for equi-sized, equi-settling spheres, the argument remains 
valid if the particles vary in size, shape and settling rate, 
except that the value of « or 8 may be changed. It should be 
noted, however, that the rate of fall which is being considered 
is that of the centre of gravity of the volume occupied by the 
falling solids, and this need not always equal the mass rate 
of fall. 

It has been implicitly assumed that no ordering of the 
particles occurs and that the added particles were randomly 
placed. The opposite assumption has been made by some 
workers®> 5) but appears to be unlikely. If one portion of 
the suspension began to form a regular array, and if this 
portion fell at a rate different from that of the remainder of 
the suspension, it would mix with further particles, and the 
ordering would be destroyed. Also in any practical case, 
slight differences between individual particles would cause 
them to fall at different rates so that any pattern which 
formed would be destroyed by the motion of one particle 
relative to the others. 

It was also assumed that there was always room for the 
added fraction without rearrangement of the particles already 
present. This will not be true at very high concentrations, 
and sets a limit to the highest concentration to which the 
theory is applicable. 


5. COMPARISON WITH EXPERIMENT 


A considerable number of published experimental results 
are available which may be used for comparison with 
equations (9) and (13). For a variety of reasons, not all the 
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evidence is equally reliable, but it was considered that it 
would not be appropriate to enter into a critical comparison 
of the techniques of the various workers here. 

Where individual readings were presented, log U/Up has 
been plotted against log (1 — ©). From equation (13) this 
should result in a straight line of slope B. Fig. 1 presents 
nineteen such graphs; details of the various experiments are 
given in the table. 

Certain workers have produced empirical equations to fit 
experimental results, which are identical with equation (13). 
The results of Hirst? on mineral particles have been shown 


mental evidence, sumiparized in Fie, 1 le the table is irh 
good agreement we equations (9) and (13). 


6. RELATION BETWEEN & AND P 


From dimensional reasoning it can be shown that for 
mass of particles sedimenting in a fluid 


a= yy we .c) . 


where %, is some aes of eo two groups of variables} 


(4 


Pisueals 


When to was not reported its value has been deduced by extrapolation. 


vertically by 0:5. 


by Hancock” to fit an empirical formula, which, at any one 
value of Reynolds number, reduces to equation (13). The 
value of 8 obtained for streamlined condition is 6. Lewis, 
Gilliland and Bauer“) fit their experimental results on equi- 
sized spheres to an equation identical with (13) for any one 
value of Reynolds number, the value of B for streamlined 
conditions being 4:65. Richardson and Zaki“! have plotted 
log U against log (1 — c) for results covering a large range 
of shapes, particle densities and rates of fall. In every case 
they obtain a straight line, indicating a relation of the form 
of equation (13). They obtain results for « which depend 
upon the vessel size, but which extrapolate to « = 4:65 for 
infinite vessels. 

Bearing in mind the many potential sources of error in 
making sedimentation velocity measurements. the experi- 
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Collected results of sedimentation experiments 


Successive curves have been displaced 


and depends upon the shapes of the particles. The experi- 
mental results on the fall of a single body may be expressed as 


7 (He Eye 


where m = 1 for fee number <1 
m = 2 for Reynolds number +102 


(15) 


and m is some constant between 1 and 2 for any limited 
range of values of Reynolds number between 1 and 1000. 

If we assume that the variables of equation (14) are 
separable, it may be written as 


a ce a (=P 


(16) 


) blo 
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Graph Ref. Particles 
(Fig. 1) 
A 12 147-152  Kallodoc spheres 
147-152 yw glass spheres 
B 12 152-178 jx Kallodoc spheres 
RC, 12 104-124 ww glass spheres 
D 13 81-104 pz polystyrene spheres 
a2) 13 89-104  Kallodoc spheres 
3 F 1 Glass spheres 
G 1 Tapioca spheres 
; HH 2 -- 10-14 w emery A 
is J [2 7-10 emery B 
£ K \2 62-74 jx emery E 
L 14 Rough acrylic powder 
(a) 72-85 B.S.S. 
M 14 Rough acrylic powder 
(6) 100-120 B.S.S. 
N 14 Rough acrylic powder 
: (c) 150-170 B.S.S. 
i te 14 Rough acrylic powder 
(d) 200-300 B.S.S. 
a) 12 Cubes 
R 12 Disks 
Ss 12 Cylinders 
Sees th 12 Cylinders 
U 15 Red blood cells 
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Sedimentation experiments 


Fluid Investigator ou 

Aqueous glycerol Gurel 4-95* 
Aqueous mercuric nitrate 

Aqueous glycerol Gurel 4-95 
Aqueous mercuric nitrate Gurel 4-80 
Aqueous lead nitrate Whitmore 5:00 
Aqueous lead nitrate Whitmore 5-60 
Water Steinour 5-00 
Oil Steinour 4-90 
Water Steinour 6:80 
Water Steinour 6:80 
Diethyl Phthalate Steinour 7:00 
Water Whitmore 6:75 
Water Whitmore IPSo5) 
Water Whitmore 8-50 
Water Whitmore 9°35 
Aqueous glycerol Gurel 5:85 
Aqueous glycerol Gurel 4-15 
Aqueous glycerol! Gurel SAS 
Paraffin Gurel DoD) 
Water Kermack, 6:S0T 

McKendrick 
and Ponder 


* The large number of results at low concentrations has made ringing these points impossible. 
+ The vertical line represents the experimental spread. The central spot represents the average result. 


From equation (15) 


v (Cat) (easy 


_ From equation (9) 


b3(c) = 1 — o)* 
‘Thus equation (16) becomes 


Epi 5 Upid 
a o% 
0? x (' ” 


vhich gives 
U = Ul — oe (17) 


| It is seen that the assumption that the variables are 
eparable leads to a conclusion consistent with Section 3, 
ind also leads to an expression for the variation of 6 with 
Reynolds number. 

In the previous section it was stated that Lewis, Gilliland 
ind Bauer, Hancock’? and Hirst derived equation (13) 
empirically for spheres and mineral particles respectively. 
They both extended their equations to cover the effect of 
sthange of Reynolds number. 
hows that they are identical with equation (17), with, of 
‘ourse, different numerical values for «. Richardson and 
Zaki! obtained experimentally the variation with Reynolds 
1umber of their equivalent of 6 for suspensions of spheres. 
Cheir values (extrapolated to represent an infinitely-large 
ae vessel) are presented in Fig. 2. 

If the variation of m with Reynolds number for the fall of 
\ single sphere is taken from the work of Needham and 
Jill," and Richardson and Zaki’s streamline-flow value of 
1-65 is assumed for a, B may be calculated and in Fig. 2 


3 plotted as a continuous line against the Reynolds number. 
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Examination of their equations . 


It will be observed that while the agreement of this line with 


Richardson and Zaki’s experimental points is not perfect, 
it is sufficiently good for equation (17) to be used as a useful 


approximation. 


Fig. 2. Variation of the exponent of (1 —c ) with 


Reynolds number 


— = the theoretical result obtained in Section 6. 
O = experimental results of Richardson and Zaki.“0) 


7. CONCLUSIONS 


The theoretical expression U = U)(1 —c)® appears to 
satisfy available experimental data on the sedimentation of 
suspensions of particles. The variation of 8 with Reynolds 
number can be expressed by the equation 68 = «/m where 
a is the value of 6 for streamlined flow and m is defined by 
equation (15). 

The value of « has been found to vary from one suspension 
to another and may be considered to represent a shape factor. 
Its exact value for equi-sized, equi-density spheres is uncertain ~ 
but is approximately 5. 

The simple form of the equations makes them suitable for 
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general application and the physical picture used in their 
theoretical derivation may aid in the solution of related 
problems. 
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Grad.I.E.E.,+ Associated Electrical Industries Ltd., Research Laboratory, Aldermaston Court, Aldermaston, Berkshire. | 


[Paper first received 14 April, and in final form 30 May, 1958] 


It has been shown in a previous paper“) that the theoretical value of current density per unit 
solid angle (brightness) could be obtained from the hairpin cathode electron microscope gun for 
a wide range of geometrical design, provided an optimum bias voltage, which depended on the 
geometrical design, was applied between shield and cathode. 
ment, the total beam current tends to become stabilized by negative feed-back action. This isa 
valuable advantage but may lead to the impossibility of operating the gun at the optimum bias 
voltage. The present investigation shows that for a reasonably wide range of geometrical design, 
conditions can be established, with the correct choice of bias resistance, whereby the gun can 
be operated at theoretical brightness and with current stabilization, for a reasonable choice of 
filament temperature, giving a range for choice in beam angle or beam current. 


INTRODUCTION 


In a previous paper,“ the measured characteristics of the 
high-voltage hot-cathode electron gun of the type commonly 
used in the electron microscope were described and dis- 
cussed. Such a gun consists of a tungsten hair-pin fila- 
mentary cathode, a negatively-biased cathode shield electrode 
and an anode (Fig. 1). The shield has a circular hole on the 
axis, and may be shaped in a number of ways, as shown. 
It is usually flat or in the form of a re-entrant cone. The 
anode is flat and has a circular hole on the axis through 
which the beam emerges. 

The factors most affecting the gun performance for a given 
anode voltage are the cathode temperature, the shield aperture 
diameter d, the shield shape, the filament height 4 (measured 
in thousandths of an inch, to the front edge) behind the 
shield, and the bias voltage. 

When the emergent beam is focused to form a spot of 
minimum diameter, some virtual beam cross-section is 
imaged. This was termed the virtual source. Since, in 
many applications, the maximum usable beam angle is fixed 
by the aberrations of the imaging system, and, since the 
requirement, e.g. in the electron microscope, is usually to 
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When using a self-biasing arrange- 


obtain a final image of maximum current density, the most 
important performance parameter of the gun is the curren} 
density per unit solid angle. This is called the electron beany 
brightness 8 and, in theory, has a maximum value given by 


B = p.bolakT (iy 


where p, is the cathode current density, 4p the aocolenetad 
voltage, k is Boltzmann’s constant (1/11 600 eV/° K), and J 
the absolute temperature of the cathode. 


a 4 
is! baa 


ey i 
=e ee PN are ~~ 60° 
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Fig. 1. Geometrical designs investigated 


(a) Hale measured in thousandths of an inch to the front | 
edge. 


g 
(b) 224° re-entrant; (c) 60° re-entrant. 


It is sometimes important to operate the gun so as tal 
obtain a specific value of beam angle, but more often thi 
angle is determined by a physical aperture in the system 
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g. condenser lens aperture, in which case the beam angle 
from the gun need only be larger than the angle defined by 
this aperture. \ 

‘Since the current density across the beam, emerging from 
the gun, has a Gaussian distribution, it is usually advan- 
tageous to make the beam angle sufficiently large so that the 
current density across the limiting aperture becomes fairly 
uniform. In addition, the use of a large total beam angle 
simplifies alignment of the beam and aperture. On the other 
and, it may often be necessary to restrict the total beam 
current because of limitations in the high-voltage supply unit 
or for reasons of heat dissipation. This would set an upper 
limit to the beam angle, since the total beam current drawn 
from the gun increases as the square of this angle. 

- The maximum brightness for a given anode-voltage is 
Bcited by the cathode emission current density which in 
turn is governed by the cathode temperature; in practice, 
the latter should not exceed a value consistent with a reason- 
able filament life. Tungsten wire is generally used as a 
‘cathode material. Bloomer’: *) has investigated the variation 
of tungsten filament life and electron emission with tempera- 
ture. From his results, a simple empirical relation (to a first 
pproximation) between emission current density and life for 
0: 005 i in. diam. wire has been deduced, namely 


t; = 50/p, hh (2) 


‘where p, is the cathode emission current density in A/cm?. 
_ From the earlier paper,“ it was concluded that, for a 
fairly wide variation of the geometrical parameters (cathode 
height, shield aperture diameter and shield shape), there 
‘could always be found a value of bias voltage which would 
‘give a brightness substantially equal to the theoretical value 
of equation (1). At this optimum bias, however, the total 
‘current J; and beam semi-angle « were found to vary for 
different geometrical designs. It is thus possible to select a 
‘required beam angle or total current by choice of geometrical 
design while maintaining the theoretical brightness. 
_ It was shown that for cathode temperatures below about 
2700° K (at this temperature, the cathode life is about 30h), 
space-charge limitation of emission could be neglected. 
This last result was unexpected since previous papers had 
_ascribed certain effects observed in this type of gun to space 
charge. Thus, the apparently most convincing evidence in 
favour of space-charge limitation of emission had been the 
observation that the total current is sharply saturated on 
‘increasing the temperature, an effect well known to electron 
“microscopists. In the previous paper!) it was, however, 
‘shown that this effect is solely due to the negative feedback 
action of the series cathode resistor used to generate the bias 
voltage, a gun using sucha biasing arrangement being 
known as an automatically biased gun [see Fig. 2(a)]. With 
‘bias supplied from an independent (or “‘free’’) supply, no 
“such ‘‘saturation’”? occurs until the temperature reaches 
higher values, and, even then, such saturation takes effect 
only gradually with increasing cathode temperature. The 
‘negative feedback action in the automatic bias gun is 
extremely useful in such instruments as the electron micro- 
“scope, since it provides stabilization of the total beam current. 
‘It is the usual practice to raise the filament temperature until 
‘the total beam current reading shows that the “‘saturation 
Knee” has been reached. 
- The use of a series resistor to generate the bias voltage 
Beads to a difficulty in that the value of bias cannot easily be 
set to the value corresponding to optimum brightness. The 
‘Setting is simplified if an adjustable bias resistor is used, 
but even then it cannot be guaranteed that the value of bias 
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voltage generated across the bias resistor at the current 
saturation point is the “optimum value,” i.e. value giving 
maximum brightness. The requirement for working at, or 
beyond, the current saturation point imposes yet a further 
limitation restricting the freedom of choice of the gun design. 


eae Jh.t. 


auto-bias pA 
resistor 
auto-bias 
I resistor | 
selector 
-/ free 


(a) > filament (b) 
current 
control || he 
as eee 
Fig. 2. (a) Resistor bias circuit. (b) Switching arrange- 


ment 


It is the purpose of this paper to describe some measure- 
ments made to determine the conditions under which the 
theoretical brightness can be obtained at and near the current 
saturation point and at cathode temperatures at which it is 
desired to work. 


EXPERIMENTAL ARRANGEMENT 


The measurements were made on substantially the same 
apparatus as used for the earlier work.“ Various electrode 
geometrical designs were investigated, and the bias resistor 
varied in value while the brightness and total beam current 
were measured as a function of the cathode heating current. 
At the same time, the maximum brightness under independent 
bias conditions was also measured as a function of the 
cathode heating current. This could be done quite quickly 
by operating the change-over switch to independent bias in 
the circuit of Fig. 2(b) while the gun was working. The ratio 
of the brightnesses under automatic bias and independent 
bias 8/8) was noted for different filament currents. 


Fig: 3: 


Standard filament 


A, 0-040 in. diam. nickel legs; B, ceramic insulator; C, 
beginning of weld; D, 0-005 in. diam. tungsten wire. Length 
of tungsten. wire to beginning of weld = 13 mm. 
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The filaments used were made from 0-005 in. diam. 
tungsten wire, 13 mm long, bent into the shape shown in 
Fig. 3. The relation between life, theoretical brightness and 
filament) heating current and temperature are shown in Fig. 4, 
some of the results being taken from the paper by Bloomer, 
and also compounded from observed filament temperature 
end corrections. 


Theor.e 
(Accr’xstera 
4-6xlO” 


23xIO° 
lixlO” 
5x10’ 


21x10" 
25 27 29 


Filament current |; (A) 


258 


Fig. 4. Relation between filament current, temperature, 
life and 6. Filament diameter = 0-005 in. 


A, standard 13 mm filament; B, 12 mm filament; C, 11 mm 
filament. 


RESULTS 


The results are summarized in Fig. 5. The ratio B/Byo— 
shown dotted—of the brightness with automatic bias to the 
maximum brightness with free bias, and the total beam 
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current J; (for automatic bias) are ploted as a function of th¢ 
filament heating current Jp, for a range of values of thd 
filament height 4 behind the shield aperture and for variou 
values of bias resistance. (Up to about 2700° K, fo has the 
theoretical value; above this temperature, the emission fall; 
below the theoretical value as a result of space-charg¢ 
limitation.) Results are given for the flat-ended shield, < 
224° conical shield and a 60° conical shield (Fig. 1). Th 
shield hole aperture was 0-05 in. in diam. in the first tw 
cases and 0:07in. in the 60° re-entrant ‘cone shield. The 
cathode-anode spacing was 0-Sin. and the acceleratin 
voltage was 50 kV in each case. The values of {/fp for any 
given value of bias resistor vary so little with / for the flaw 
shield that this ratio is shown plotted as a single curve for thi: 
geometrical design. 

It will be noted that for any particular geometrical desig 
the variation of 8/8» with filament heating current shows 
fairly broad maximum (of unity); the theoretical brightness: 
can thus be obtained with automatic bias over a fairly usefu| 
range of filament temperatures. The temperature for whic 
maximum brightness is obtained with automatic bias is al 
function of the cathode shield geometrical design, the value 
of the bias resistor and, with the exception of the flat shield: 
the filament height. It is thus possible to choose a bia: \ 
resistor so that the maximum brightness occurs at any 
desired cathode temperature. It may also be desirable to 
obtain the maximum brightness with a reasonable economy 
of total beam current (i.e. for a small beam angle) and 
furthermore, to operate beyond the beam current “‘saturation’ 
point for reasons of current stability. The “saturation 
knees” are located on the /, — J; curves, as indicated by 
dashed lines crossing the J, curves on Fig. 5; the position of} 
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Fig. 5. 
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Automatic bias characteristics for 50 kV and h measured in in. 
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“-e 
ie knee varies both with filament height and bias resistance 
although more markedly so with resistance. 

te : 

_ To illustrate the use of the results, consider a case where 
maximum brightness is desired consistent with a filament 
life of, say, 12h. From Fig. 4, it is seen that this corresponds 
to an operating temperature of 2800° K and a brightness of 
2:3 x 10° A/cm? x sterad in the absence of space-charge 
limitation. (In practice, the corresponding brightness 
obtained would be around 1:6 x 10° for this temperature 
[see Fig. S(b), reference (1)]. There is evidence that the 
temperature at which space-charge limitation commences 
becomes lower for more re-entrant shields.) The 13 mm 
filament will require a heating current of 2-75 A. With the 
flat shield, values of 8/8) near unity will be obtained for 
values of bias resistor between 3:5 and 15 MQ, but to 
operate also above the saturation knee, these values are 
restricted to 8-15 MQ. The greater current economy is 
obtained with the higher bias resistors and larger values of h, 
i.e. with the filament behind the shield. A lower limit must, 
however, be set to the beam current since otherwise the beam 
angle becomes too small. For example, if a minimum beam 
semi-angle « of 0-005 rad is specified, the total current, which 
is given by 


ba-8 xe x ah 


(3) 


is about 130 WA, taking 8 = 1-6 x 105 A/em? x sterad and 
the virtual source radius r, = 0:0018 cm, the latter varying 


‘ 


~ 
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tures or lives at which the maximum brightness would be 
obtained for currents which are saturated. The final two 
columns give the corresponding values of beam current and 
beam semi-angle. It is seen that any one of the three shield 
geometrical designs gives conditions which meet typical 
requirements, but the flat shield allows the greatest flexibility. 
There is some advantage in using a re-entrant shield since a 
lower bias voltage is required. 


LIMITATION TO MAXIMUM CURRENT AND 
BEAM ANGLE 


It will be noted that for the range of parameters covered 
by the table, the beam angle range is small, lying between 
0-003 and 0-008 rad. It is of interest to consider the upper 
limitation imposed on this angle. For a given cathode 
temperature and with optimum bias the theoretical brightness 
is obtained. The total current and beam angle for this 
condition can be varied by varying the geometrical design. 
If the geometrical design is varied to give larger and larger 
total beam current, keeping the bias condition always 
optimum, the increasing current can only result from an 
increased emission area. When this area reaches a value 
equal to about half that of the roughly spherical cathode tip 


the beam begins to depart from its Gaussian angular distri- 


bution and tends to become hollow—a well-known effect 
which is associated with the formation of multiple spots in a 


only slightly with operating conditions [Fig. 4 of reference (1)]. focused image of the source [see reference (1)]. This effect 

a | Table 1. 50 kV 

: Shield Ip Tr ty Br Go (sp. charge R, bias AC fil. Ip (beam a, (semi angle) 

Sag (A) (temp.) (life) (theoret.) limited)* resist. height) current) = V1p/Rr2rs2 

es (@K) (A) (A/cm?2/sterad) (A/em?2/sterad) (MQ) (in. x 10-3) (uA) (rs = 0-0018 cm) 

Flat shield ZS 2615 80 Seu 1084258. el 0* 20415 —2to +10 80 to 30. ~=—.0 0065-0 -004 

yy 2:6 2680 40 962 < 108 19-6. X10" 2715-20 0 to +10 100 to 50. ~=—- 0 -0057-0 -004 
Die] 2760 16 75109. -< 1-40: < 10° °° 10415 2 to +10 150 to 50. ~=—- 0 -0057-0 -0033 
2:8 2840 8 3-10 x 10°. 1:70 x 10° 5-10 Sto +10 200to 80 0-006 -0:004 

4° shield 245 2615 80 5-8 x 10*; 5°8 x 10* --~ 10 ~ —10 ~ 50 0-0052 

: S 2:6 2680 40 96. S104 6 10 8-10 —10 ~ 60 0-0045 
2-7 2760 16 1:75 x 10° 1-40 x 10° 6-8 —10 ~ 80 0:0042 

as 2:8 2840 8 3-10 x 10° 1-70 x 10° 3-4 —10 ~ 200 0-0060 

50° shield 2:6 2680 40 9-6 «104. 9-0 x 104 2-5 —60 to —80 180to 70 0-008 —0-005 
Qe, 2760 ~—s«'16 1°75 x 10°°:).1-40'-X 10° = ~ —70 ~ 230 0-007 
2:8 2840 8 3:10: 10° 41-70 x-10° 1 ~ —80 ~ 300 0-007 


Phiis: for this minimum beam angle, the total current must 
jot be less than this value. The curves (Fig. 5) show that 
this condition prescribes a value of h of about —0- 002 in. 
For the 224° re-entrant shield, the ‘“‘saturation” condition 
7equires the use of a bias resistor of greater value than 5 MQ, 
which, at the same time, brings the total current to less than 
100 »A. Thus, a specified beam semi-angle greater than 
)-005 rad cannot be achieved coincidentally with the other 
desired conditions. However, for normal electron microscope 
applications, a beam semi-angle of 0-003 rad is sufficient. 
This would be obtained at a total current of 504A. The 
gun alignment might now be rather critical as a result of the 
small beam angle, but, in any case, such high brightness and 
short filament life would only be required for most critical 
operation at the highest magnification. 

\ In the table, which has been abstracted from Fig. 5, is set 
down a range of conditions for different filament tempera- 
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See Fig. 5(b) of reference 1. 


sets an upper limit to the total current which is drawn at 
theoretical brightness and for a given source size. 


EFFECT OF ACCELERATING VOLTAGE 


All the present results were obtained at an accelerating 
voltage of 50kV. For other voltages, if the small space 
charge effects are neglected, results may be deduced from the 
present ones as follows. If the anode voltage and at the 
same time the bias voltage are multiplied by a factor n, the 
emitting area and hence the total current will remain 
unchanged. To achieve this, the bias resistance must there- 
fore be multiplied n times. The brightness will increase n 
times (because of the increase in anode voltage), and, if the 
virtual source size is unchanged, the beam angle will be 
reduced n times. From the small amount of data available, 
it appears that the source size is little affected by h.t. voltage, 
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Thus, the present curves can be applied to obtain information 
at voltages equal to 50 x n kV, if the bias resistor values are 
_ multiplied by x. 
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The friction of mineral particles 
By R. T. Spurr, Ph.D., B.Sc., Ferodo Limited, Chapel-en-le-Frith, Stockport, Cheshire 
[Paper received 3 April, 1958] 


‘ The coefficient of friction of loose particles slid between parallel plates is approximately 


proportional to the Mohs hardness of the particles. 


In general no quantitative relationships have been observed 
between the physical properties of surfaces and_ their 
coefficients of friction. Parker and Whittaker,“ however, 
found that under certain circumstances the friction of resin 
blocks filled with mineral powders was related to the 
Mohs hardness H of the mineral. They loaded the resin 
specimens against a rotating cast iron annulus driven by an 
electric motor and found that when the surfaces came to 
rest on switching off the motor, the friction increased to a 
value such that jz (the coefficient of friction) was proportional 
to H. As yu depended upon the hardness of the filler alone, 
and not upon the resin matrix, the filler was presumably 
carrying all of the normal load at the end of a stop; conse- 
quently the yz of the mineral filler must have been propor- 
tional to its Mohs hardness. An investigation was therefore 
made of the relationship between the friction and hardness 
of minerals. It was found that there was no correlation 
between the jz and the hardness of minerals in bulk form but 
that there was correlation when the mineral was in powder 
form and so the friction of powders has been examined in 
some detail. The results are of some practical interest as 
mineral particles are sometimes used to increase the friction 
between railway wheels and the rails. 


EXPERIMENTAL DETAILS 


Static friction was measured on a trolley apparatus 
described elsewhere.?) The powders were very lightly 
sprinkled on to a plate mounted on the trolley, the distance 
between the particles being greater than their diameter. 
Smooth flat blocks about 14 in. square were then loaded by 
a lever against the powders and the friction determined by 
applying a horizontal force to the trolley through a spring 
balance. A normal load of 1 kg was generally used and the 
particles were in the size range 70-120 I.M.M. 


RESULTS AND DISCUSSION 


The friction of particles of twelve different materials 
sliding between smooth copper surfaces was measured. The 
pe of the various minerals are shown plotted against their 
Mohs hardness H in Fig. 1. Each point represents the 
- average of at least fifty measurements, and the ranges indicate 
the range of the averages of sets of ten measurements, not 
of individual measurements. Some of the scatter in the 
results was due to the difficulty of getting all the particles to 
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The particles are crushed during sliding. 


the same state of cleanliness and dryness; furthermore som: 
of the minerals could not be obtained in the desired partic! 
size range. The values of Mohs hardness were obtaine 


mainly from the Handbook of Chemistry and Physic 
It can be seen from Fig. 1 that most of th 
The points li 


1943-4.2) 
experimental points lie about a straight line. 
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Fig. 1. py of particles plotted against Mohs hardness ~ 
0-6 


uO4 
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Fig. 2. uw plotted against the maximum Mohs hardness 


closer to such a line if jy is plotted against the maximut 
value of H (Fig. 2). 

Some measurements were made using normal loads of 1 
to 4000 g and particle sizes ranging from —20 + 40, t 
—2001.M.M. There was a tendency for ju to increase wit 
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| ad at light loads, and to increase slightly with increasing 
yarticle size. 
__A range of particles was slid between blocks of metals 
and non-metals and a polished copper plate. The harder 
surfaces tended to give the lower frictions but the effect of 
urface hardness was small compared with that of the particle 
hardness. Perspex and polythene surfaces, however, gave 
much lower frictions with the harder particles than metals of 
‘comparable hardness and were not so badly damaged during 
sliding. Presumably materials of low elastic modulus can 
deform sufficiently to make small particles relatively in- 
effective. The friction of the particles was influenced by the 
roughness of the surfaces. If copper surfaces were abraded 
with 000 emery the 4, particularly of the softer particles, was 
greater when the scratches were perpendicular than when 
rallel to the direction of sliding. All the particles had 
‘much the same yz when slid between copper surfaces abraded 
with 2 emery, the scratches being perpendicular to the 
direction of sliding. The particles are more or less keyed 
‘into place in rough surfaces, consequently if the opposing 
urface is soft compared with the particles it suffers con- 
iderable damage and the friction is no longer determined by 
the particles themselves for the ploughing of the surface also 
contributes to the friction. Rather similar results were 
btained when the particles were glued to the lower surface, 
fe the plate being covered with a very thin film of Durofix and 
the particles sprinkled on to the Durofix. Measurements were 
made with the surfaces covered with a very thin film of oleic 
cid. The results were similar to those obtained with un- 
contaminated surfaces, but the ;z was reduced by about 0:1 
for each mineral. 
= Particles were slid between a glass and a metal plate and 
their behaviour observed with a binocular microscope. The 
oad bearing particles did not roll but tended to be crushed 
uring sliding, even in the case of hard particles, of e.g. 
ilica, suggesting that the particles have to be fractured 
before sliding can occur. The “fracture strength” F of the 
‘minerals available in bulk form was therefore measured by 
loading a 4 in. steel ball against + in. cubes of the minerals 
‘in a Howden test machine (500 Ib capacity) and increasing 
the load until the specimen fractured. Generally the specimen 
broke into only two or three pieces, the augite and celestite, 
however, crumbled. The measurements were reasonably 


lee a Se 


Fracture strength ti 


as) 
3 


Mohs 
Fracture strength plotted against Mohs hardness 


hardness 
‘Fig. 3. 


eproducible except in the case of calcite. The fracture 
trength of the minerals was approximately proportional to 
their Mohs hardness (Fig. 3) except for the minerals that 
crumbled (represented by dotted lines in the figures). A 
relationship between F and # is not altogether surprising 
r when one mineral is scratched by another, fragmentation 
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The friction of mineral particles 


occurs along the track. In Fig. 4 yu is plotted against F; 
provided the augite and celestite results are omitted, the 
experimental points fall about a straight line. / 
Presumably the relationship that exists between the stress 
required to fracture a specimen and its load carrying capacity 


300 400 
Fracture strength (Ib) 


200 


{OO SOO 


Fig. 4. ys plotted against fracture strength 


when fractured on the Howden machine, is similar to that 
existing between the force required to fracture a particle and 
so permit sliding and the load it carries when tested on the 
friction apparatus. 

The sliding behaviour of the minerals in bulk form is 
quite different to that of the minerals in particle form. 
Hemispherical specimens of rocksalt were made by compact- 
ing sodium chloride in a cylindrical die, one end of which 
was closed by a polished plate containing a large Brinell 
impression. The hemispheres were slid against glass plates 
and at the same time the apparent contact area between 
specimen and plate was examined microscopically. No 
fracture or fragmentation occurred, instead the rocksalt 
flowed in a plastic manner and the constant area remained 
smooth and polished (compare King and Tabor“). Rock- 
salt particles, however, fractured when slid between glass 
plates. Bulk specimen of other minerals were slid on metal 
and glass surfaces and very little damage occurred. 

The equation relating and H for loose particles obviously 
does not apply when H is small. It is difficult to reconcile 
this equation, and the relationship between F and H, with 
Tabor’s linear relationship© between H and log (indentation 
hardness) for minerals. The latter relationship involves only 
the plastic properties of the minerals whereas the “‘fracture 
strength’? involves other properties as well. 
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The magnetic stabilization of low pressure d.c. ares 
By H. Wroe, M.Sc., Metropolitan-Vickers Electrical Co. Ltd., Trafford Park, Manchester 


[Paper received 2 May, 1958] 


Self-sustaining d.c. arc discharges between solid metal electrodes at pressures down to 10-4mm 
of mercury have been investigated. At pressures below a few millimetres of mercury, arcs on 
both refractory and non-refractory metals behaved like “‘cold cathode”: arcs. “Spot-splitting” 
and “‘reverse driving” of the cathode spot were observed and a form of instability is described. 
Reverse driving of the cathode spot or spots by the magnetic field set up by the current in the 
electrodes themselves is suggested as the cause of the instability. 

A magnetic method of stabilizing the discharge is described, requiring an axial magnetic field 
of at least 500 G. A marked constriction of the positive column was caused with this value of field. 

The magnetically stabilized discharge has been used experimentally to produce short welds on 


Lin. thick mild steel plate at 1 ~ of mercury pressure using about 40 A at 30 V. 


There is a growing interest at the present time in the uses of 
arc discharges between solid metal electrodes at low gas 
pressures, for the production and fabrication of the rare 
metals without contamination. High temperatures can be 
produced at the electrodes of an arc, thus enabling the 
refractory metals, like molybdenum, to be melted. Also, an 
arc discharge at low gas pressure, say a few microns of 
mercury, reduces contamination to a minimum. The pro- 
duction of ingots, alloys and the welding of the rare 
metals is becoming an important aspect of nuclear reactor 
technology. 

Little fundamental work has been done on low pressure 
arcs between refractory electrodes, and the present paper 
deals with some results obtained from such an investigation. 
Direct currents up to 400 A were available, and most of the 
work was done with currents of the order of 100 A and 
pressures down to 10-4 mm of mercury. 


GENERAL FORM OF LOW PRESSURE DISCHARGES 
BETWEEN SOLID METALS 


The behaviour of an arc between refractory metal electrodes, 
e.g. tungsten, at a pressure of | yz of mercury is quite different 
to that at a pressure of a few centimetres of mercury. A 
photograph of a 120A arc between tungsten electrodes in 
argon at a pressure of 10 cm of mercury is shown in Fig. 1. 


Fig. 1. Photograph showing 120 A d.c. arc in argon at 
10 cm mercury pressure, between 4 in. diameter tungsten 
cathode (above) and tungsten block anode; 12 mm gap 


It is quite stable and is a typical thermionic arc.“ Also it 
is the type of discharge utilized in small, inert electrode arc 
furnaces which operate in a gas atmosphere in this pressure 
range. When the gas pressure is reduced, this arc either 
extinguishes or goes over to a completely different mode of 
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operation, which seems to be typical of vacuum arcs whateve 
the electrode metal. This is illustrated in Fig. 2, which was 
obtained at a pressure of 15 mm of mercury. The behaviou 
at the lowest pressures is identical to that shown in Fig. 2 
except that the positive column tends to fill the whole ard 
chamber. Thus the discharge resembles a low pressur 


(c) 


() (d) 


Fig. 2. Photograph showing 70 A arc in argon at 15 mm 
of mercury pressure, between sin. diameter tungsten 
cathode (below) and iin. diameter tungsten anode. 
Electrodes have just separated. Cine photograph at 
1120 frames per second, time increasing from left to right 


mercury are in having a small, luminous cathode spot region 


in random motion and a diffuse positive column—often 
called the “cold cathode’”’ arc. 


For currents up toa few hundred amperes, it exhibits a 
peculiar instability in the sense that the cathode spot will not 
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emain near the end of a cylindrical cathode, but always 
moves along it in the direction of current flow in the electrode 
itself. Thus in Fig. 2, the arc was started by touching the 
electrodes together and, although they have only separated 
about 0:8 mm, the cathode spot has moved an appreciable 
distance along the electrode. It is suggested that this is an 
effect due to the magnetic field of the current in the electrode 
itself, but no detailed discussion will be given at this stage. 
For much experimental work on continuously running arcs 
and for some practical applications, e.g. welding at low gas 
pressures, the phenomenon presents a serious problem. Also, 
for welding, the current density at the anode at low pressures 
is much too low to provide the concentrated heat source 
which is required for good welds. The remainder of the 
paper describes a solution to these problems. 


ie 
MAGNETIC EFFECTS WITH LOW PRESSURE D.C. ARCS 


It has been stated by Smith® that a magnetic field at an 
angle to a surface on which a cathode spot exists, will deflect 
the spot from the obtuse angle between the field and the 
surface and towards the acute angle (see Fig. 3). This effect 


magnetic field inclined to 
cathode surface 


A 


cathode spot 


cathode 


direction of motion 
i. of cathode spot 


sf Fig. 3. Diagrammatic representation of effect on a 
_ cathode spot of a magnetic field inclined to the cathode 
a surface 


was found to occur in the present work and has been utilized 
to control the motion of the cathode spot as indicated in 
Fig. 4. Here the pointed magnet pole-piece provides a 
shaped field which intersects the cathode surface at an angle, 
the arrangement being symmetrical with respect to the axis 
of the system. Thus the cathode spot always has a tendency 
to move towards the axis, and in practice the motion is 
confined to a small region as shown in Fig. 4. 

An alternative arrangement, often more convenient in 
practice, is shown in Fig. 5. The shaped cathode is in a 
uniform axial magnetic field which is thus at an angle to the 
conical surface and the cathode spot is confined to a small 
region near the tip. 

It was found that field strengths of at least 500 G were 
required at the cathode for reliable stabilization, the direction 
of the field being immaterial. The inclination of the field 
does not seem to be very critical and an angle of about 45° 
is normally used. It was found that a field strength of 1000 G 
would stabilize an arc on.a cathode } in. in diameter. With 
the uniform field arrangement (Fig. 5) a pronounced con- 
striction of the positive column was produced, as shown in 
Fig. 6, thus giving rise to a much more concentrated energy 
input to the anode than exists with the unstabilized arc. 
Short welds have been produced with this discharge (see the 
next Section). 
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The magnetic stabilization of low pressure d.c. arcs 


The phenomenon of ‘‘spot splitting’? is well known for 
mercury arcs@)—the discharge preferring to carry a high 
current in a number of spots rather than the whole current 
in one spot—and it has been observed in the present work with 
magnetically stabilized arcs. 


cathode 


A Nines of force 
of magnetic field 


motion of cathode 
confined to. this 
region 


—magnet —pole-piece 


Fig. 4. Diagrammatic representation of method of 

stabilizing a cathode spot on a plane cathode by means 

of a shaped magnetic field. The magnet pole-piece may 
or may not be the anode of the discharge 


cathode with 
conical tip 


lines of force of 
uniform axial 
magnetic field ~~ 


4 
motion of cathode 
spot confined to 
this region 


anode 


Fig. 5. Diagrammatic representation of method of 
stabilizing a cathode spot on the end of a cylindrical 
cathode by means of a uniform magnetic field 


If the cathode is allowed to melt so that its shape alters 
then the stabilization often breaks down. Thus for small 
cathodes (say + in. in diameter) which cannot be water cooled, 
the arc current cannot exceed a few tens of amperes for 
reliable stabilization. Material is lost from the cathode by 
evaporation from the spot region and also (mostly) by the 
ejection of small globules of molten metal. This is probably 
due to the violent evolution of gas from the metal under the 
cathode spot, and the rate of loss of metal was found to 
increase as the temperature of the cathode as a whole increased. 
Thus with a given water-cooling system a copper cathode was 
eroded at a lower rate than a steel one of identical shape and 
size, owing to the greater thermal conductivity of the copper. 

Arcs have been stabilized on copper, steel, aluminium and 
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aluminium alloys, nickel, germanium, zirconium, molybdenum 
and tungsten—most of these metals being of ordinary com- 
mercial purity. It was found that a low pressure arc could 


be maintained most easily on the more readily vaporizable 


metals. In the case of tungsten, the discharge always 
extinguished after a fraction of a second. 


Fig. 6. Magnetically stabilized arc. Current, 30 A; 
arc voltage, 30 V; axial magnetic field, 800 G; pressure, 
8 x 10-4 mm of mercury; residual gas, air; gap length, 
lcm. Water-cooled copper cathode (above) machined 
to conical shape. Steel anode. One frame of a cine 
photograph at 450 frames per second 


Returning to Fig. 3, the component of the magnetic field 
which is parallel to the surface will deflect the cathode spot 
in a direction which is perpendicular to the plane of the paper. 
At low pressures the direction of this motion was found to 
be opposite to that predicted by the left-hand rule—the well- 
known phenomenon of “reverse driving”. It is suggested 
that the basic cause of many instability troubles with vacuum 
arcs is reverse driving of the cathode spot or spots by the 
magnetic field due to the current flowing in the electrodes 
themselves. 


THE APPLICATION OF MAGNETICALLY STABILIZED 
ARCS TO WELDING AT LOW PRESSURES 


Provided the conditions set out in the previous section are 
complied with, a magnetically stabilized arc can be used for 
welding at pressures of the order of 1 of mercury.4) The 
magnetic field can be produced by a coil placed outside the 
vacuum chamber, with suitable design of the latter, or by 
permanent magnets carried with the cathode inside the 
chamber, as shown in Fig. 7. This device has been used 
experimentally to produce short runs of weld on ¢in. thick 
mild steel plate at a pressure of 1 w of mercury with an arc 
current of about 40 A at 30 V. The guard ring is necessary 
when using a cathode of magnetic material, e.g. steel, in 
order to preserve the correct field shape at the cathode surface. 
In this case, of course, the cathode is non-consumable and 
either a separate filler rod must be used in the weld, or the 
joint must be such that two edges have merely to be fused 
together. 

A possible extension’ of the method to enable a consumable 
steel electrode to be used is shown in Fig. 8. Here the: steel 
tube forms a guard ring and provides a symmetrical field 
inclined to the side of the cathode as shown, and thus the 
motion of the spot is confined to the end portion. This 
arrangement was successful in stabilizing the arc but has not 
yet been tried for welding. 
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two Alcomax 
permanent magnets 


steel guard ring 


are discharge replaceable conical 


cathode 


@) lin. 
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Fig. 7. Cross-section of electrode arrangement for 
vacuum. welding with stabilizing field produced by per- 
manent magnets ; 


i 


cathode spot confined 
to end of cathode 


lines of force of ~y]T 
magnetic field 


-anode and magnet ~ 
pole-piece 


Fig. 8. Diagrammatic arrangement for magnetic sta- 
bilization permitting a consumable cathode to be used 


CONCLUSIONS 


At pressures below a few millimetres of mercury self- 
sustained d.c. arc discharges behave like ‘‘cold cathode ares” 
whether the cathode material is refractory, like tungsten, or 
non-refractory, like copper. Some of the phenomena asso- 
ciated with the mercury arc cathode, such as ‘“‘spot splitting” | 
and “reverse driving’, have been observed with arcs on 
refractory metals in vacuum. 

It is suggested that instability of the d.c. vacuum are is 
often due to reverse driving of the cathode spot in magnetic 
fields set up by the current flowing in the electrodes themselves. 


VoL. 9, DECEMBER 1958 


The motion of the cathode spot can be confined to a small 
a on a plane cathode by a suitably shaped magnetic field. 
Also it can be confined to the end of a cylindrical cathode 
a uniform, axial magnetic field, provided the end of the 
electrode i is conical in shape. Field strengths of at least 500 G 
are required at the cathode surface for reliable stabilization. 
Such a field gives rise to a marked constricting of the arc 
tive column. 
It is considered that a magnetically stabilized arc could 
3 used for welding in vacuum. 
se 
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The grid emitting properties of titanium 


_ By J. A. CuHAmpion, M.Sc., 


A.inst.P., Research Laboratories of The General Electric Co. Ltd., Wembley, England 
[Paper first received 6 May, and in final form 29 May, 1958] 


Z Experiments are described in which the emission from thin films of barium and barium oxide 
deposited on titanium is compared with that from similar deposits on tungsten. With deposits 


of both barium and barium oxide the emission from titanium is very much less than that from 


z tungsten throughout the temperature range investigated (700—1000° C). 


Above about 900° C 


fe, the evaporation of titanium will poison the emission of an adjacent oxide cathode, but it is con- 
om cluded that from 700° C up to this temperature titanium would possess good grid emission 


3 suppression properties. 


This could enable titanium to be used as a screen grid winding wire in 


the place of carbonized molybdenum wire in a number of receiving valves, and as an electrode 
material in other electronic devices where hot electrodes become contaminated with cathode 
material. 


“a INTRODUCTION 
The problem of stray thermionic emission from hot electrodes, 
usually known as “‘grid emission” occurs in both radio valves 
and in electron beam devices. In radio receiving valves 
control grids are usually heated only by radiation from the 
oxide-coated cathode and to temperatures not exceeding 
500° C. Unwanted emission from deposits evaporated from 
the cathode on to such grids may be suppressed adequately 
by plating the grid winding wires with gold. This has been 
reported by Baker‘ and by others. 
- The winding wires of screen grids in tetrode or pentode 
valves may, however, reach considerably higher temperatures 
as they are heated by electron bombardment as well as by 
radiation; and the operation of circuits containing such valves 
may be impaired if the screen grid emission is excessive. For 
example, the line time base circuit in a television set will not 
function satisfactorily if the screen grid emission from the 
valve used is greater than about 0:1 mA, corresponding to 
about 0:1 mA cm? for a typical valve screen grid. If, how- 
ever, the emission from the screen grid wound with untreated 
tungsten or molybdenum wire were so restricted, the output 
obtainable from an acceptable size of valve would only be 
about a fifth of the desired level. It is inadvisable to use gold- 
plated material for the winding wire of screen grids since, 
although gold will adequately suppress the grid emission 
there is considerable likelihood of the gold evaporating in 
sufficient quantities to “‘poison’”? the emission from the 
eathode within a relatively short period. As discussed in a 
previous paper® carbon may be satisfactorily used for the 
suppression of screen grid emission, but it does suffer from 
certain undesirable features. 

~The problem of stray emission from hot electrodes also 
occurs in electron beam devices containing either oxide- 
coated or barium dispenser cathodes. In such cases the 
electrode temperatures may be too high for gold plating to 
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be used and it may well be impracticable to process carbonized 
electrodes to a sufficiently high temperature. 

For these several reasons an alternative method would be 
very welcome for suppressing emission from electrodes at 
temperatures above 600° C on to which evaporation products 
from oxide or barium dispenser cathodes have been deposited. 
Some previous observations in these laboratories suggested 
that titanium probably possessed good grid emission sup- 
pressive properties. In a recent paper Espersen and Rogers) 
studied the grid emission from titanium, as well as other 
materials, when contaminated with the evaporation products 
from “L”’ cathodes and concluded that it possessed excellent 
grid emission inhibiting properties. In the present work 
experiments have been performed in which the emission from 
separate barium and barium oxide deposits on titanium was 
compared with that from similar deposits on tungsten, which 
behaves in much the same way as molybdenum™) but is easier 
to clean. 

Experiments were also carried out to determine whether a 
titanium wire heated in the presence of an oxide-coated 
cathode had any harmful effect on the cathode emission and 
if so, the maximum permissible operating temperature for 
titanium. 


DEPOSITION EXPERIMENTS 


Experimental valve. The valve used for the deposition 
experiments was similar in design to that used in earlier 
work) and is shown in Fig. 1. Either barium or barium 
oxide could be evaporated on to a titanium wire and on to a 
tungsten wire. The barium source was a “‘batalum”’ getter, 
consisting of a reaction mixture of barium orthotitanate and 
beryllium deposited on a molybdenum strip. The barium 
oxide source was a spiral of platinum wire coated by spraying 
with a barium carbonate suspension. The two sources were 
shielded from each other. Both wires and sources could be 
heated independently electrically and the thermionic emission 
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from the wires could be drawn to a surrounding nickel anode. . 
The temperature of the elements could be observed optically 
through slots in the anode and, unless otherwise stated, all 
temperatures quoted for the wires include a correction for 
the spectral emissivity. A getter assembly which releases 
barium when heated was also fixed to the bottom of the foot 
tube. 


tungsten 
springs 


i 


LiL —t 
rite 
Halll | 


tungsten wire 
titanium wire 


ot 


Valve assembly used for deposition experiments 
Inset, section through A—A. 


platinum 
spiral sprayed with barium 
carbonate 


Fig. 1. 


The valve was evacuated and baked on a mercury diffusion 
pump with liquid air trap, after which the anode and getter 
assembly were outgassed by eddy current heating. Next the 
“‘batalum”’ getter was outgassed and the barium carbonate 
on the spiral converted to the oxide, both by electrical 
resistance heating. The titanium wire was outgassed by 
heating to about 1000° C for 2 min and the tungsten wire 
was heated to about 2300° C for 2 min to clean it. Finally 
the barium was evaporated from the getter assembly and the 
valve sealed off from the pump. 

In order that the temperature of the titanium and tungsten 
wires would be known during subsequent experiments, tem- 
perature-current graphs were constructed for both using an 
optical background pyrometer. 

Deposition of barium.. Experiments by Brodie and Jenkins 
on the evaporation from dispenser cathodes have shown 
that the evaporation increases rapidly with temperature, but 
for typical operating conditions an impregnated cathode at 
1030° C has a rate of evaporation of about 1 monolayer in 
8 min, the evaporant being barium with a small amount of 
barium oxide. The rate of evaporation increases to about 
one monolayer/min at 1100°C. Since in most valves the 
distance between grids and cathode is small, the rate of 
deposition on to the grids may be taken as equal to the rate 
of evaporation from the cathode. 

Calculations based on the lives of receiving valves show 
that the rate of evaporation of barium from oxide-coated 
cathodes when run under very onerous conditions is just 
under 1 monolayer/min and when run under more normal 
conditions is a factor of about 10 less than this. During the 
processing of a normal receiving valve the temperature of 
the cathode ranges from 900-1050° C, and the vacuum is 
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considerably worse than that maintained during normal 
operation. As a result of this the deposit is likely to be 
mainly barium oxide and the rate of deposition of the 
order of 20 monolayers/min. The experiments therefore 
used deposition rates corresponding approximately to the 
foregoing figures. ) 

In the first experiment barium was deposited with the 
receptors cold. At intervals the saturated emission was} 
measured at 700° C for an anode potential of 50 V. It was}} 
found that the emission from the tungsten wire reached af 
maximum of about 1mAcm~? after about 22min of}f 
deposition. This maximum would correspond to a deposit 
one monolayer thick.©) The emission from the titanium 
wire reached a maximum of 0:55mAcm ? after about 
22 min of deposition, but in this case the maximum was not 
so well defined. After about 2 monolayers the deposition 
was stopped, the temperature of the titanium wire maintained| 
at 700° C and the change of emission with time obseived. | 
The result is shown in Fig. 2. When the tungsten wire was| 


} 


Emission (mA cm?) 


Time (min) 


Fig. 2. Change of emission with time from titanium 
wire when heated to different temperatures after about 
2 monolayers of barium had been deposited on to it 


heated to 700° C the emission remained steady. After this } 
experiment the wires were cleaned, the tungsten wire by | 
heating to 2300° C and the titanium wire by heating to 1000° C. | 

The experiment was repeated for titanium with the emission i 
measurements made at 500°C instead of 700°C. The : 
emission from the titanium wire reached a maximum of | 
0-018 mAcm~? after about 20min of deposition. After 
about 2 monolayers the deposition was stopped, the titanium f 
wire was kept at 500° C and the change of emission with time } 
observed, and this is also shown in Fig. 2. After these | 
experiments the wires were again cleaned as described above. | 

Further experiments were carried out in which barium } 
was deposited at the rates of 1 monolayer in 1, 3 and 10 min 
on to tungsten and titanium wires heated to a temperature of 
700° C. Fig. 3 shows the achievement of steady emission in 
each of these experiments. It will be noticed that in each 
of the experiments performed with titanium the steady 
emission is about two orders of magnitude lower than the 
corresponding steady emission from tungsten. 

After the above experiments had been carried out, the 
effect of operating the tungsten and titanium wires at succes- 
sively higher temperatures was investigated with barium 
deposited continuously at the rate of 1 monolayer in 1, 3 and 
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) min. The results are given in Table 1. It was noticed 
hat when the temperature of tungsten was raised to 1000° C 
the emission at first rose somewhat, but soon settled to a 
steady value less than that at 700°C. Presumably this was 


— + 4 
| | 
— “Fiat | 
NN 
Ws 


a ay) rn at ah ON ola 


Emission (mA ¢ 


fe) 
' 
ze 


OMe 10 20 30 
Time (min) 

_ Fig. 3. Change of emission with time from tungsten 
and titanium wires heated to 700°C as barium was 
z deposited on to them for three different rates of 
fe deposition 
2 A tungsten: 1 monolayer in 1 min; B, tungsten: 1 monolayer 
fins 3 min; C, tungsten: 1 monolayer in 10 min; D, titanium: 


“1° monolayer in 1 min; £, titanium: 1 monolayer in 3 min; 
18 titanium: 1 monolayer in 10 min. 


40 


< w 


Table 1. Steady emission achieved when barium was deposited 
~~ at various rates on to heated tungsten and titanium 


Rate of Temperature of | Steady emission Steady emission 
deposition tungsten and from tungsten from titanium 
of barium titanium (° C) (mA cm—2) (mA cm~?) 

1 monolayer in 700 15 0:18 
1 minute 850 65 <0-00002 
1000 13, <0-00002 
1 monolayer in 700 8-5 0-025 
3 minutes 850 27 <0-00002 
5 1000 3-3 <0-00002 
1 monolayer in 700 3-1 0-004 
~ 10 minutes 850 13 <0-00002 
1000 Oc <0-:00002 


‘due to the re-evaporation of the barium from the tungsten 
ire at the higher temperature till a new equilibrium was 
reached. The behaviour of the titanium wire at temperatures 
‘between 700° C and 850° C was investigated in more detail 
or the most severe case and the results are shown in Table 2 

_ Deposition of barium oxide. It has previously been deduced 
from measurements of deposited material that during the 
processing of receiving valves with oxide-coated cathodes a 
Tayer of barium oxide of the order of 10°-*cm or about 
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500 monolayers thick is deposited on the screen grids. Also 
previous estimates from the appearance of interference 
fringes showed that when the platinum spiral coated with 
barium oxide was heated to 1100° C barium oxide is deposited 
at a rate of about 20 monolayers/min. At 1150° C the rate 
would be about 100 monolayers/min and at 1050° C about 
5 monolayers/min. 


Table 2. Steady emission achieved when barium was deposited 
at a rate of 1 monolayer/min on to heated titanium 


Temperature of titanium Steady emission from titanium 
CC) 


(mA cm—2) 


700 0-18 
740 0-50 
770 0-33 
800 0-15 
850 <0-00002 
1000 <0:00002 


In a further series of experiments the emission from layers 
of barium oxide on titanium was compared with that from 
similar deposits on tungsten. The evaporation took place 
from the platinum spiral coated with barium oxide and heated 
electrically to a luminance temperature of 1150°C at the 
rate of about 100 monolayers/min. During deposition the 
receptors were cold. At intervals the titanium and tungsten 
wire were in turn heated to a temperature of 700° C and the 
emission measured by applying a potential of 50 V to the 
anode. After 15 min the emission from the titanium had 
reached a steady value of 0-45 mA cm? and that from the 
tungsten had reached a steady value of 4-4 mA cm7~?. 

The deposition of barium oxide was continued subsequently 
for a further 45 min, the emission from the tungsten and 
titanium wires remaining fairly steady. By the end of this 
time it was estimated that a layer of barium oxide about 
10-4cm thick had been deposited. The tungsten and 
titanium wires were then heated to 700° C and the change of 
emission with time observed and after 10min the tem- 
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Fig. 4. Change of emission with time from tungsten and 
titanium wires when heated to different temperatures 
after about 10~ + cm barium oxide had been deposited on 
to them 
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perature of the wires was raised to 900° C. The results are 
shown in Fig. 4. 

Further experiments were carried out in which barium 
oxide was deposited at a rate of about 20 monolayers/ 
min on to heated tungsten and titanium wires. The 
temperature of the wires was initially 700° C and was sub- 
sequently increased to 850° C and later to 1000° C. In each 
case the wires were maintained at temperature until the 
emission became steady, and the results are shown in Table 3. 


Table 3. 
heated tungsten and titanium 
Temperature o Time for emission We. Time for emission 
tungsten and Steady emission from tungsten to Steady emission from titanium to 
titanium from tungsten become steady from titanium become steady 
? (mA cm—2) (min) (mA cm~—2) (min) 
700 Ay 20 29 15 
increased to 850 110 1 0-0017 10 
(after increasing tem- (after increasing tem- 
perature from 700° C) perature from 700° C) 
increased to 1000 87 8 0-0008 4 


(after increasing tem- 
perature from 850° C) 


POISONING EXPERIMENTS 


The tubes used for the poisoning experiment contained a 
rectangular conventional oxide cathode sprayed on one side 
only, and a titanium wire 0-25 mm diameter was supported 
2 mm in front of the coated face. A nickel anode was placed 
between the wire and the cathode. This anode could slide 
on supporting rods so that the cathode could either be 
shielded from, or exposed to, the titanium wire. A barium 
getter was fixed to the bottom of the assembly. In those 
tubes in which the titanium wire was heated above 1000° C a 
further shield was included to prevent blackening of the glass 
envelope by deposition of titanium. 

After evacuating and baking the valve on a mercury 
diffusion pump with liquid air trap, the anode and getter 
were outgassed, following which the carbonate cathode 
coating was converted to oxide. Finally the barium was 
evaporated from the getter and the valve sealed off from the 
pump. The tube was given a normal activation and a run 
under operating conditions to stabilize the emission and 
vacuum. In these experiments the cathode activity was 
estimated by measuring the total emission at reduced tem- 
perature. Between measurements the titanium wire was 
heated and the cathode run at the typical operating tem- 
perature of 700°C. A separate tube was used for each 
temperature run. 


Table 4. Change in emission from an oxide-coated cathode 
when exposed to a heated titanium wire 


Temperature Emission change (at “‘knee”’ 


of titanium Time with cathode temperature 
C) (A) reduced) 
900 (i) 12 none 
900 (11) 153 increase from 4-3 mA to 5-6mA 
during first 20h, steady at 
5-6 mA thereafter. 
950 (i) 5 decrease from 6:3 mA to 3:5 mA. 
950 (ii) 5+ decrease from 5-0 mA to 4:0 mA. 
1000 1% decrease from 7:3 mA to 3:7 mA. 
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Steady emission achieved when barium oxide was deposited at a rate of about 20 monolayers/min on to- 


‘reasonable agreement. 
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‘take place within an hour although the emission could 


~~ 


By operating the titanium wire wan the shield interne cH 
it was found that any gas released from the titanium at tem 
peratures between 900°C and 1100°C had a negligibl 
poisoning effect. When the titanium wire was heated t 
1100° C with the cathode exposed, serious poisoning coul| 
partially recovered by a reactivating process; but the emissio}; 
was permanently reduced to an extremely low level after 15 
At 1000° C the poisoning was still becoming apparent withi 


(after increasing tem- 
perature from 850° C) 


a few hours. The results obtained when the titanium wit! 
was operated at temperatures below 1000° C are shown i 
Table 4 from which it is seen that the maximum safe operatin 
temperature is about 900° C. : 


DISCUSSION OF RESULTS 


those of Esperson and Rogers. The latter gave all thei 
results in terms of the actual emission measured and not a# 
emission density. Estimating the effective area of their grid 
as about 0-02 cm?, the present results for the steady emissio 

from heated tungsten wire on to which barium is depositec} 
would agree with those of Espersen and Rogers if their “L’ | 
cathode operating at 1000° C was evaporating barium at < 
rate of about 1 monolayer in 4min. Such a rate of eva} 
poration is within a factor of two of the value obtained by 
Brodie and Jenkins‘ for an “L’” cathode, so that there iv 1 


The deposition experiments with titanium show ‘hae i 
after a thin film of barium has been deposited on to a col 
titanium wire the titanium wire is heated, then at 700° C thd 
emission falls fairly rapidly. A similar comparatively rapi 
initial fall was found by Espersen and Rogers for a much 
thicker deposit evaporated from an “L”’ cathode on td 
titanium. 

When the deposition of barium was carried out with thi 
titanium wire heated to 500° C, however, there was initiall 
a slight rise (see Fig. 2) followed by a very slow decay. This 
indicates that migration of the barium over the surface off 
the wire is probably taking place accompanied by a very} 
slow re-evaporation of the barium. This makes it see | 
unlikely that there is an appreciable re-evaporation of bariu | 
from titanium at temperatures as low as 600° K (327° C) asi 
suggested by Espersen and Rogers. | 

The results in Table 2 show that even when the rate off 
deposition is as high as 1 monolayer/min the high rate of 
re-evaporation makes it impossible to maintain a comple “| 
monolayer on the titanium surface above about 740°C 
Below 740° C the coverage is probably fairly complete and the 
emission varies according to the Richardson law. 

When a titanium wire, on to which barium oxide had bee 
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posited while cold, was heated, an appreciable decay in 
emission with time was obtained at 700° C (see Fig. 4). As 
arium oxide is not appreciably volatile at this temperature 

is would support the conclusion of Espersen and Rogers 
that titanium converts barium oxide to barium which in turn 
evaporates. 


eee aa 


GENERAL CONCLUSIONS 


j at is concluded that in the range of temperatures investi- 
gated (700-1000° C) titanium would possess good screen grid 
emission suppression properties in the presence of an oxide- 
coated cathode. In use it would generaily be necessary to 
limit the operating temperature of the titanium to 900° C to 
avoid poisoning the cathode emission. During activation, 
however, when \the deposit would consist largely of barium 
xide it might be necessary to maintain a screen grid at 
somewhat greater temperature for a short period which would 
not cause damage to the cathode. During subsequent 
Operation when the deposit would be mainly barium the 
emission should maintain at a very low value. 

_ Titanium should also be suitable for electrodes in electron 


The grid emitting properties of titanium 


beam devices. Although these may employ impregnated 
cathodes which are less likely to be poisoned than oxide 
cathodes, it would be unwise for the temperature of the 
electrodes to exceed 900° C as evaporated titanium could 
cause electrical breakdown over insulators. 
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The influence of the method of demagnetization on the reversible 
permeability of a high-permeability nickel-iron alloy 


By RoC. JACKSON, B’Scs Ph.D:;* EB.” W. ‘Lee, B:Sco-Ph:D., 
Department of Physics, University of Nottingham 


[Paper received 10 June, 1958] 


Measurement of the reversible permeability of a high-permeability nickel-iron alloy shows that 
its dependence upon biasing field depends upon the method of demagnetization used. Results 


and A. G. H. TRouGHTON, B.Sc.,f 


are found to be partially explicable in terms of residual magnetization, some specimens possessing 
residual magnetization even after a high-temperature anneal. 


it i is well known that the behaviour of a ferromagnetic sub- 
stance in low and moderate fields depends on its magnetic 
and thermal histories. Recently, evidence has been presented 
which indicates that the low field properties of a ferro- 
Magnetic substance may depend also on the manner in which 
it has been demagnetized;“.» e.g. by heating above the 
Curie temperature or by gradual reduction of an alternating 
field. These observations are usually ascribed to differences 
in domain structure brought about by the different methods. 
In other words, there may exist a large number of possible 
domain configurations resulting in zero net magnetization, 
of which some are more likely to result from one form of the 
demagnetization process, others from another. 

The authors have encountered this phenomenon during an 
investigation into the magnetic properties of certain high- 
permeability alloys and it is hoped that the following obser- 
vations, although incomplete, may be of interest. 

_ Fig. 1 shows the initial B-H characteristic of an alloy of 
composition 80% nickel, 11% iron, 5% copper, 4% molyb- 
denurm, supplied by the Post Office Research Station. The 
initial permeability as received, i.e. after annealing, is seen to 
be less than that after demagnetizing by gradual reduction 
of a 50 c/s, a.c. field to zero. Small differences in the initial 
domain structure and the shape of the initial B-H curve 
show up more clearly in the incremental (2;) or reversible 
permeability (uz) rather than their integrated contribution. 
The authors investigated je since this is rather easier to 


= * Now at The Plessey Co. Ltd., Towcester, Northants. 
_ . + Now at S.E.R.L., Baldock, Herts. 
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measure than 7. The specimens, of composition 77 % nickel, 
14% iron; 5% copper, 4% molybdenum, were in the form 
of stamped rings | in. external diameter, +¢ in. internal dia- 


200 
(2) 
[ox@) 
(1) 
@ |20 
3 
ATi 
fea) 
80 
40 
O lO 20 30 40 
H (milli- oersted) 
Fig. 1. Initial B—-H characteristics for alloy of composi- 


tion 80% nickel, 11% iron, 5°% copper, 4% molybdenum 


Curve (1) was obtained after annealing at 1050° C; curve (2) 
after demagnetizing by gradual reduction of an alternative 
field to zero. 
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meter. Rings were available in five different thicknesses, 
15, 29, 49, 100 and 200. Reversible permeability was 
measured on an a.c. bridge similar to that employed by 
Richards, Walker and Lynch, at a frequency of 2-7 kc/s, 
but with provision for application of a polarizing field. 
Corrections were applied for eddy-current shielding and the 
exciting field was kept sufficiently low to ensure that the 


25 


(ele) 50 O 50 lOO K@X@) 50 O 50 |jOO (ee) 5O @) 50 
H (milli-oersted) H (millioersted) H (milli-oersted) 
(a) (c) 
Fig. 2. Reversible per- 
meability (we) curves for “ 
alloy rings of varying * 
thickness. Composition 


100 §=650 O 5Oi 1O@ lOOR © 
H (milli-oersted) 
(d) 


meability. In an attempt to avoid spurious effects due to 
stray magnetic fields, the specimens were magnetically shielded 
by placing them in a thick-walled, soft iron cylinder closed 
at both ends. : 

Results are shown in Fig. 2. The fact that these results 
apply to specimens of different thickness is purely incidental. 
No systematic differences in the effect described below were 
found which could be attributed to variations in the specimen 
thickness. Each figure shows the reversible permeability pup 
over a complete half cycle, together with that corresponding 
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) 
H (milli:oersted) 


(e) 


permeability thus measured was the true reversible per- 
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a. 
to the initial magnetization curve. For the latter, curve (1 
represents the first measurements made on the specimen: 
after an anneal at 1050° C, and therefore originates from < 
demagnetized state obtained by heating above the Curi¢ 
temperature. Curve (2) originates from a demagnetizec} 
state obtained by gradual reduction of an alternating field tc 
Zero. ; 


77% nickel, 11% iron; 5% 
copper, 4% molybdenum 
(a) 225 w thick; (b) 100 p 
thick; (c) 48 » thick; (d) 29 u 
thick; (e) 15 » thick. 
Curve (1) was obtained after 
annealing at 1050° C; Curve 
(2) after demagnetizing by 
gradual reduction of an 
alternating field to zero. 


SO OG 


In the first place it is evident that for all specimens the’ 
initial permeability is greater after a.c. demagnetization tha 
after demagnetization by heating above the Curie temperature.| 
For the latter wp increases with increasing biasing field to 
some maximum value for the 15 and 100 yz specimens, whilst 
for the 29, 49 and 225 4 specimens, wr decreases mono-t 
tonically with field. It is difficult to avoid the inference thatt 
after annealing, each specimen is magnetized at H =0, 
the 15 and 100 1 specimens being magnetized in a direction 
opposite to that of the biasing field, the reverse being the 
case for the three others. =] 
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To confirm this a further set of specimens was taken as 
anealed. A large field was applied, sufficient to saturate the 


alistically. The ballistic deflexion obtained (@) was then 
ympared with that obtained by reversing the magnetization 


Al/I = 20 — $)/¢ 


rere AI is the initial magnetization. The values of AJ/I 
tained for the five rings were +0-1, —0-85, 0, —2-8 and 
Oe, 
97%. 
An attempt was then made to demagnetize these specimens 
a an alternating field, ascertaining the success of the pro- 
dure by the same ballistic method. The specimens were 
gain found to be magnetized, but in this case always in the 

e direction. Similar behaviour can be seen in curves (2) 
Fries. 2(a)-2(e). 

Repeating the process with the leads to the specimens 
eversed gave similar results, but with the sign of the residual 
aagnetization also reversed. This result might be caused by 
he presence of stray magnetic fields which may be negligible 
vith alloys of lower permeability. However, the conditions 

‘both methods of demagnetization are very similar to those 
nder which the anhysteretic permeability i is measured. This 
ery much higher than the usual d.c. permeability. Measure- 
nt by Polivanov and Braude™ on Russian Mumetal (d.c. 
rmeability 12000) indicate a value of 2:3 x 107, for the 
hysteretic permeability at H =2 x 10-5 oersted, the 
est field at which measurements were made. Moreover, 
his permeability increases rapidly with decreasing field 
eth. The alloys used in the present investigation possess 


Deuterium-filled thyratrons 


t aahode hydrogen thyratrons are now widely used as 
ulse modulators in radar equipments and recently have been 
ised as grid controlled rectifiers. 

The main advantages of hydrogen are (a) that the deion- 
zation time of the gas is very short and (b) that gas which is 
t owing to “clean up” when the valve is operating, can 
replenished using a reservoir such as a capsule of titanium 
rydride. 

- The disadvantage of hydrogen is the relatively high cathode— 
node arc voltage which is realized in these devices. In 
imple diodes the voltage with mercury or xenon filling is 
bout 10 V and with hydrogen about 20 V. These voltages 
re near the ionization potential of the gas concerned. If 
ny obstacle, such as a grid electrode, is placed between the 
athode and anode, it is found that the voltage with mercury 
nd xenon is substantially unchanged, whereas with hydrogen 
; may rise to 50 or even 100 V. 

cA possible explanation is as follows. The positive ions in 
40t cathode discharge are only required to neutralize the 
gative space charge of electrons which would otherwise 
oe If these ions remained permanently in the discharge 
only a few tenths of a volt would be required to draw 
> cathode current across to the anode. In practice, ions 
lost by diffusion to the electrodes or walls of the device, 
ere recombination can take place. These must be replaced 
further ionizing collisions in the discharge and this implies 


VoL. 9, DECEMBER 1958 


497 


initial permeabilities somewhat greater than those used by 
the Russian workers and the anhysteretic permeability may 
be very high, perhaps as much as 109. Under these circum- 
stances the most minute stray field may be important. 

It thus appears that the different demagnetizing procedures 
do indeed give rise to different magnetic states, but rarely 
reduce the magnetization to zero. This fact is by itself 
capable of providing an explanation for the observed difference 
in initial permeability. However, the fact. that the initial 
permeability after a.c. demagnetization is always greater 
than after thermal demagnetization indicates that some other 
effect must be present as well. It is possible that this genuine 
effect is caused by a change in the number of domain walls. 


ACKNOWLEDGEMENTS 


It is a pleasure to thank Prof. L. F. Bates for his interest 
in this work and for many useful comments. We have 
benefited greatly from discussions with Mr. A. C. Lynch of 
the Post Office Research Station. 


REFERENCES 

(1) Broz, J., and SHERNBERK, J. Czech. J. Phys., 5, p. 425 
(1955). 

(2) Drokin, A. I., and In’yusHENKO, V. L. Zh. Eksper. 


Teor. Fiz. 29, p. 339 (1955). 

(3) RICHARDS, C. E., WALKER, E. V., and Linea ALC., 
Proc. Instn Fisch Engrs, 104, B, p. 343 (1957). 

(4) PoLivANov, K. M., and Braupg, A. A. Trudy Mos- 
kovskogo Energeticheskogo Instituta, 18, p. 135 (1956). 


NOTES AND NEWS 


Correspondence 


that someelectrons are accelerated to the ionization potential 
of the gas. 

If the rate of loss of ions is small, as it is in a diode, very 
few electrons need make ionizing collisions in order to replace 
the losses, and with a cathode-anode voltage near to the 
ionization potential, the rate of production of ions will be 


Rate of ion production n 


ie) 1 
[e) 20 30 40 5O 
Electron energy CeV) 


Fig. 1. Number of ions (”) generated per electron per 
centimetre of path as a function of electron energy (eV) 
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Correspondence 


sufficient. This is illustrated very approximately in Fig. 1 
(based on measurements by Smith and Tate,“ and Notting- 
ham®) which shows the rate of ion production n as a 
function of electron energy. For simplicity, it is assumed that 
the electron energy is proportional to the voltage across the 
device. In the case of mercury, the 7, ions which are required 
to replace losses are produced at the point A on the curve; 
the electron energy is then almost equal to the ionization 
potential. In the hydrogen diode, although the losses are 
higher owing to the higher mobility and diffusion rate of 
the ions, and require n, ions to replace them, the electron 
energy at point B is only a few volts above the ionization 
potential of hydrogen. 

If any obstacle is placed in the path of the discharge, the 
rate of loss of ions is increased. In the case of mercury 
(or xenon), if the rate of loss of ions is quadrupled, and 7; 
ions are required to replace them, the electron energy required 
rises only slightly to point C on the curve. With hydrogen, 
if the losses are quadrupled the m4 ions needed are produced 
at point D at considerably increased electron energy. 

These considerations suggested the use of deuterium in a 
gas-filled valve since the lower mobility and diffusion rate of 
the heavier ion will result in reduced losses. 

Fig. 2(a) shows the voltage across a cathode-grid discharge 
in hydrogen-filled and deuterium-filled thyratrons of exactly 
similar construction. Fig. 2(b) gives the corresponding 


Sa al 
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; hydrogen 
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a 
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» 40t 
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ea 
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Fig. 2. Pressure-voltage characteristics for hydrogen 
and deuterium filled thyratrons 


(a) cathode-grid voltage: (b) cathode-anode voltage. 


cathode-anode discharge voltages, the grid being connected 
to cathode. In the cathode-grid case, in which no obstacle 
is present between the two electrodes, the voltages are similar, 
both being a little above the ionization potential of hydrogen. 
The cathode—anode voltage of the deuterium valve is, however, 
significantly lower than that of the hydrogen valve. 

An additional advantage of deuterium is that the anode- 
cathode voltage begins to rise at a rather lower pressure than 
with hydrogen. This may well be associated with the 
difference in Townsend’s « for the two gases.°3) 

Further observations are as follows: 

(i) the deionization time of the deuterium valve was 
found to be 40% longer than that of the hydrogen valve; this 
increase is not significant in most applications: 

(ii) deuterium can be replenished from-a reservoir of 
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titanium or zirconium “deuterides”” in a similar manner 
hydrogen; 

(iii) there is some evidence that the Paschen sparki f 
potential, between anode and grid, is higher in the deuteriu 
valve. This allows the use of higher gas pressure at a giv 
anode hold-off voltage. 

The use of deuterium as a filling in thyratrons and gri 
controlled rectifiers would therefore appear to offer co: 


| 


siderable advantages over hydrogen. iG 
The writers are indebted to the Admiralty for permissiq 
to publish this note. > ae 
Research Laboratories of K. G. Cook 
The General Electric Co. Ltd. G. G. IsAA 


[13 June, 195} 


Wembley, England. 
REFERENCES 


(1) Smitu, P. .T., and Tate, J. T. Phys. Rev., 
(1932). 

(2) NotTiINGHAM, W. B. Phys. Rev., 55, p. 203 (1939). 

(3) Rose, D. J. Phys. Rey., 104, p- 273 (1956). 


39, Dp. 2 


Deuterium as a filling for high-voltage thyratrons 


To explore the usefulness of deuterium in high-volta 
thyratrons, and to illuminate the already successful applica! 
tion of hydrogen in such valves, an experimental study h 
been made of the characteristics of a particular thyratro) 
(type G.H.T. 1) when filled with deuterium. An identicd 
valve filled with hydrogen was used for comparison. 

The recovery time was measured by passing a current 
100 A and subsequently applying a probing pulse of 1-5 k 
to the anode* (Fig. 1). The results are in agreement with 


800 


O 200 


400 
Pressure 


(Hg) 
[Crown copyright reserved] 


Fig. 1. Recovery time of thyratron 
O = deuterium. + = hydrogen. 


generally accepted theory that the deionization is governe 
by diffusion.t The arc drop and grid-cathode potentia 
during conduction to the anode were measured at a curren 
of 100A at 1-5 us after the initiation of the discharg 
(Fig. 2). The values are higher than for direct current in a! 


cases, presumably owing to the absence of thermal equilibriur 


* Technical Note No. 604 (Radar Recearen Establishmen 
unpublished TEpOrd 


+ Matter, L, and JouHnson, E. O., R.C.A. Review, 11, pp. 165 
178 (1950), 
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Correspondence 


Echen mi ines curves were taken with —100 V grid 
by determining the anode potential at which di/dv 
hich is defined as the derivative of anode current with 

ct to anode voltage—other parameters being held 
onstant) became infinite (Fig. 3). This occurred at currents 

mo 0:5 mA at the higher voltages. 
e peak value of the rate of fall of anode voltage during 


le initiation of the discharge was measured by means of a 
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Fig. 2. Arc drop of thyratron 
O = deuterium. + = hydrogen. 
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Fig. 3. Paschen breakdown curves 


@ = hydrogen, cathode hot. 


= hydrogen, cathode cold. 
e — deuterium, cathode hot. 


© = deuterium, cathode cold. 


acitance-resistance differentiating circuit and a high-speed 
illoscope (Fig. 4). The upper curve was obtained with the 
yratron anode charged to a potential of 10 kV through a 
sistor of 25 MQ. For the lower curve the thyratron was 
series with an inductor of 2:8 wH and a capacitor of 
250 pF charged to 10 kV. It is estimated that the difference 
etween the curves is attributable to the effect of the cathode 
d inductance (0:4 wH approximately). The peak value 


OL. 9, DECEMBER 1958 


499 


of the rate of rise of current was measured by means of a 
mutual inductor and high-speed oscilloscope, with a capacitor 
of 500 pF connected from anode to cathode of the thyratron 
and charged to 10 kV (Fig. 5). 

All the observations were made with a sufficient interval 
between successive discharges for the initial state of the gas 
and electrode temperatures to be restored. Deuterium shows 
equal or superior properties to hydrogen in every respect 
except for recovery time. The difference in the Paschen 
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Fig. 4. Maximum rate of fall of voltage 
-+- = hydrogen, 25MQ. = hydrogen, 1250 pF, 2-8 wH. 
© = deuterium, 25 MQ. e = deuterium, 1250 pF, 2-8 wH. 
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Fig. 5. Maximum rate of rise of current 


+ = hydrogen. O = deuterium. 
500 pF capacitor; 0:4 wH residual inductance (estimated). 


breakdown characteristics is attributed to a difference in 
y (which represents the second Townsend breakdown 
coefficient) between the two gases. Their equality in respect 
of rate of fall of voltage indicates a controlling mechanism 
independent of y and of the mass of the ion. 

The valves were constructed by the Research Laboratories 
of The General Electric Co. Ltd. 


Royal Radar Establishment, 
Ministry of Supply, Malvern. 


R. J. ARMSTRONG 
N. S. NICHOLLS 
[11 July, 1958] 
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Notes and 


Congress of the International Federation of Automatic Control, 
Moscow, 1960 


The first International Congress of the International 
Federation of Automatic Control is to be held in Moscow 
from 25 June to 5 July, 1960. The British Conference on 
Automation and Computation has been asked by the Exe- 
cutive Council of the International Federation of Automatic 
Control for their co-operation in arranging for the submission 
of papers for the Congress from British sources and, i 
accordance with this request, the British contribution to the 
Congress will be co-ordinated through the General Com- 
mittee of the British Conference on Automation and 
Computation with the assistance of its three Groups. 

The Congress will cover the following three fields: 


Section I, Theoretical and experimental investigations on 
automatic control and servomechanisms; 
Instrumentation and investigations connected 
with the development of automatic control 
systems ; 

Industrial applications of automatic control 
(including the application of prediction and 
computing devices). 


Section II, 


Section HI, 


The Congress will include: (a) the presentation and dis- 
cussion of scientific reports, (5) excursions to scientific 
institutions and also to various automatic undertakings, 
(c) visits to centres of culture in Moscow. 

Intending authors should submit abstracts of their proposed 
papers, not exceeding 500 words in length, and not later than 
1 February, 1959, to Mr. W. Bamford, Honorary Secretary, 
Group B, British Conference on Automation and Com- 
putation, c/o The Institution of Electrical Engineers, Savoy 
Place, London, W.C.2. 


The Physical Society’s annual exhibition of scientific instru- 
ments and apparatus 


The Physical Society announces that its forty-third annual 
exhibition will be held at the Royal Horticultural Society’s 
Old and New Halls, Westminster, London, S.W.1, from 
19-22 January, 1959 (inclusive). 

Entrance to the exhibition is by ticket only and these may 
be obtained, free of charge, from the offices of the Society, 
1 Lowther Gardens, Prince Consort Road, London, S.W.1. 
Members of The Institute of Physics may obtain tickets from 
the Institute. The handbook of scientific instruments and 
apparatus published in connexion with the exhibition is 
available from the Society, price 65.; by post 7s. 8d. 


Medical electronics discussion group 


aed Interim Committee composed of members of The 
Institution of Electrical Engineers and of the medical pro- 
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500 


Pr 


comments ae 


fession, having a common interest in medical electron 
discussed at a recent meeting the scope and future activitic 
of the Medical electronics discussion group which Be Se 
set up by the Council of The Institution. 

It has been decided that the activities of the Group : a 
be centred round advanced electronic techniques applied a 
related to medical and biological problems, and there 
be a program of informal discussion meetings which 
provide a forum for the exchange of information between 
two professions on subjects coming within this field. “ts 

It is proposed to provide an opportunity in the cour: 
each discussion meeting for members present to give noti e 
of any problems which they have encountered (not neces 
sarily related to the topic discussed at the meeting), in 
hope that others present may be able to sae? suggestion S 
their resolution. 

A mailing list has been compiled of hoes who hav 
expressed interest in the Group’s activities. Any al 
reader should send his name and address to the Secreta 
The Institution of Electrical Engineers, Savoy Place, Lon 


| 
“Ty 


ORIGINAL CONTRIBUTIONS 
Papers ; z 
A thermometer for high-speed aircraft. By D. D. Clark. i ‘ 
The ne Saree of the dielectric properties of liquids in an Ho; resonato 
Dryden : 
A self-adjusting unit for the ‘control of an animal calorimeter. By A. Be Tay kine 
A thermocouple method for measuring relative ose Ne: in the range 95-100? 
By J. E. Monteith and P. C. Owen. | 
A simple orbit contractor for betatron-started Cy ie By J. Moffa 
A precision, direct-reading, colour temperature meter. By P. Harihara 1 
M. S. Bhalla. : 
A temperature-chlorinity-depth recorder for use at sea. 
N. L. Brown. 
A technique for the measurement of diffusion coctiicients in molten ‘salt: P 
C. A. Angell and J. O’M. Bockris. a 
An apparatus for visual and acoustical display: of electrocardiogram: BY 
A. Strojnik. ee 
A very sensitive relay, able to withstand heavy overloading. By F. H. Plankeel. 


Image intensifier for the electron microscope. By M. E. Haine, A. E, Ennos a a 
P. A. Einstein. 


W.C.2. ‘ 
Contents of the December issue ; 
| 
By B. V. uae | 


Laboratory and workshop notes 

A low-temperature resistance thermometer using p-type gallium arsenide al 
. Broom. 

An attachment for measuring reflexion interference Se in the Beckman 1 
ratio-recording spectrophotometer. By D. G. L 


A method of completely filling capillary tubes with tae for diameter rset 
mination. By G. F. Whitty. 


An X-ray tube target current stabilizer. By R. S. Crisp. 

A triode-connected pentode with stabilized anode current. By B. C. Cox. 
A high-pressure electrical lead-in. By D. F. Gibbs and M. Jarman. — i 
Improvements in photographic printing of electron micrographs. By D. M. 
An improvement to the multi-stage impulse generator. By W. A. Smith. — os 


NOTES AND NEWS 


E Correspondence 
The magnetic spectra of some ferrites. 
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